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PREFACE 


The  Bureau  of  Reclamation  is  now  conducting  the  San  Luis  Unit 
Special  Study.   The  purpose  of  the  study  is  to  define  a  plan  to  complete 
agricultural  drainage  facilities  for  the  San  Luis  Unit  of  the  Central 
Valley  Project  and  the  adjoining  Delta-Mendota  Canal  service  area.   The 
Special  Study  consists  of  a  number  of  individual  studies  required  to 
assess  the  environmental  impacts  of  the  various  alternatives  being 
considered.   Some  of  these  studies  have  now  been  completed,  and  others 
are  just  beginning. 

This  technical  report  documents  the  results  of  one  of  the  studies 
that  has  been  completed.   It  is  being  distributed  at  this  time  for  tech- 
nical review  by  interested  parties.   This  report  (and  others  in  the 
series  of  completed  reports  being  distributed  at  this  time)  relates  to 
the  assessment  of  impacts  of  an  estuarine  discharge  option.   Reports  on 
studies  relating  to  other  alternatives,  or  to  specific  problems,  will  be 
distributed  for  review  as  they  are  completed.   Their  distribution  should 
in  no  way  be  interpreted  as  indicating  a  preference  for  an  estuarine 
discharge  option  over  the  other  alternatives  being  considered. 

In  1980,  the  Bureau  had  narrowed  the  alternatives  being  considered  in 
the  Special  Study  to  three  considered  most  practical  and  environmentally 
acceptable:   (1)  Completion  of  the  San  Luis  Drain  with  discharge  to  the 
estuary  near  Chipps  Island,  (2)  in-valley  evaporation,  and  (3)  desalting. 
The  alternative  of  no  action  was  also  being  assessed.   The  Bureau  could  not 
determine  the  feasibility  of  a  drain  discharging  to  the  estuary  compared 
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with  other  alternatives  until  the  State  Water  Resources  Control  Board 
actually  set  the  discharge  requirements  it  found  necessary  to  protect 
water  quality.   Therefore,  the  Bureau  began  proceedings  in  1980  to 
obtain  a  permit  from  the  State  board  so  these  requirements  would  be  set. 

In  1981,  the  State  board  established  conditions  for  obtaining  the 
discharge  permit,  and  the  Bureau  began  a  3-year  study  to  satisfy  the 
information  requirements  that  would  enable  the  State  board  to  set  dis- 
charge limits.   The  study  results  being  distributed  at  this  time  are 
from  the  technical  studies  conducted  over  the  past  3  years  to  provide 
the  information  requested  by  the  State  board.   The  Bureau  will  soon 
request  requirements  for  permits  for  the  other  alternatives  being 
examined. 

Most  of  the  studies  now  being  distributed  had  been  completed  when 
the  U.S.  Fish  and  Wildlife  Service  discovered  high  incidences  of  death 
and  deformities  among  bird  chicks  and  embryos  at  Kesterson  Reservoir. 
Kesterson  Reservoir  consists  of  ponds  used  to  evaporate  drainage  water, 
and  is  now  the  terminal  point  of  the  incomplete  drainage  canal  known  as 
the  San  Luis  Drain.   Selenium  from  the  drainage  water  has  become  concen- 
trated in  the  Kesterson  ponds,  and  is  the  most  probable  cause  of  the 
deaths  and  deformities  in  the  birds  there. 

The  Bureau  has  expanded  the  Special  Study  to  fully  explore  the 
sources  and  effects  of  selenium  and  ways  it  might  be  removed  from 
the  drainage  water.   The  U.S.  Fish  and  Wildlife  Service  and  the  U.S. 
Geological  Survey  are  cooperating  with  the  Bureau  in  conducting  these 
studies.   The  additional  information  being  developed  may  affect  the 
evaluation  of  alternatives  previously  considered  and  may  also  suggest 
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new  ways  of  dealing  with  drainage  and  salt  management  problems. 
Therefore,  the  Bureau  has  also  expanded  the  Special  Study  to  reassess 
the  broad  range  of  alternatives. 

Results  of  the  additional  studies  will  be  distributed  as  they  are 
completed.   When  the  Special  Study  is  completed,  the  results  will  be 
presented  in  a  Special  Report  and  Draft  Supplement  to  the  Final 
Environmental  Statement  for  the  San  Luis  Unit.   The  report  will  present 
the  alternative  solutions  to  the  agricultural  drainage  and  salt  manage- 
ment problems  in  the  study  area  and  compare  the  environmental  effects 
of  each  of  the  alternatives  evaluated. 
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PURPOSE  OF  STUDY 

Algal  growth  is  a  frequently  used  parameter  to  assess  impacts  of  pro- 
posed projects  on  aquatic  ecosystems.  Algae  respond  rapidly  to  changes  in 
light  levels,  salinity,  and  nutrients  and  are  early  indicators  of  physical 
and  chemical  changes  in  the  water  column.  Excess  algal  growth  leads  to 
accumulation  of  organic  matter  on  the  bottom  or  along  shorelines  resulting  in 
anoxic  conditions,  either  in  the  water  column  or  underlying  sediments.  Al- 
though more  frequently  documented  for  lakes  under  the  general  category  of 
eutrophi  cati  on,  algal  blooms  of  detrimental  proportions  have  been  recorded 
for  numerous    estuaries. 

The  purpose  of  this  report  is  to  report  on  the  field  distribution  of 
macroalgae  in  northern  San  Francisco  Bay  and  to  perform  bioassays  on  selected 
species.  The  information  is  to  be  used  to  assess  the  probability  for  changes 
in  algal  growth  due  to  the  introduction  of  agricultural  drainage  water  within 
northern  San  Francisco  Bay.  The  agricultural  drain  water  is  from  the  current 
San  Luis  Drain  in  the  southwestern  San  Joaquin  Valley.  The  work  reported 
here  has  been  conducted  under  contract  with  the  US  Bureau  of  Reclamation. 
The  three  phases  of  the  contract  work  are:  assessment  of  current  distribution 
of  macroalgae  in  the  northern  reaches  of  the  San  Francisco  Bay  estuary, 
laboratory  bioassay  tests  to  determine  the  effect  of  agricultural  drain  water 
on  macroalgal  growth,  and  literature  reviews  of  factors  controlling  macro- 
algal  and  phytoplankton  growth  in  estuaries,  especially  in  brackish  areas. 
In  addition,  results  from  previously  funded  research  (California  Water 
Resources  Center)  on  macroalgal  growth  in  northern  San  Francisco  Bay  are 
presented    where    appropriate. 

In  this  study,  macroalgae  are  defined  as  filamentous  or  parenchymatous 
eukaryotic  algae  attached  to  a  substrate  or  drifting  in  the  water  column. 
The  study  has  focused  primarily  on  estuarine  macroalgae,  that  is  species 
which  are  of  marine  origin,  but  are  able  to  penetrate  landward  within 
estuaries  due  to  physiological  and  life  history  adaptations  to  lower 
salinity.  Attached  filament-forming  colonial  diatoms  are  not  included,  but 
are  discussed  briefly  in  the  field  work.  Phytoplankton  are  defined  as 
drifting  unicellular  or  colonial  algae  within  the  water  column.  Resuspended 
bottom    forms   are   not    included. 

This  report  is  a  final  technical  ■'  report  which  details  the  methodology 
used  in  the  study,  the  study  results  and  conclusions,  and  appendices  of  raw 
data.  Dr.  Michael  Josselyn  served  as  principal  investigator  for  the  field 
work  and  laboratory  bioassays.  Dr.  John  West  conducted  the  phytoplankton 
assessment  review  which  is  submitted  under  separate  cover.  Mr.  William  Pence 
and  Ms.  Susan  Danek  assisted  in  the  field  and  laboratory  experimentation. 
All  work  was  conducted  at  the  Paul  F.  Romberg  Tiburon  Center  for 
Environmental    Studies. 


CONCLUSION 

A  number  of  interacting  factors  influence  the  conclusions  to  be 
drawn  from  the  literature,  field,  and  laboratory  bioassay  experiments  con- 
ducted on  estuarine  macroalgae.  Only  a  few  aspects  were  investigated  in  this 
study.  Though  our  general  knowledge  of  estuarine  macroalgae  has  increased 
tremendously  over  the  past  decade,  the  causes  of  large  blooms  within 
estuaries  are  often  site  specific  and  difficult  to  generalize.  At  present, 
no  hypothesis  has  been  fully  tested  to  explain  the  bloom  of  Cladophora  in  San 
Pablo  Bay  in  1979.  It  is  especially  difficult  to  project  the  results  of 
bioassay  experiments  on  single  organisms  to  field  conditions  where  competing 
organisms  are  present.  Thus,  the  conclusions  reached  in  this  study  must  be 
tempered  with  the  incomplete  information  available  on  the  response  of  organ- 
isms   in   San    Francisco   Bay    to   nutrient   and  waste  discharge. 

In  bioassay  experiments,  San  Luis  Drain  water  is  generally  biostimula- 
tory  to  estuarine  macroalgae.  The  magnitude  of  biostimulation  is  dependent 
on  the  sal  inity  of  the  test  media,  the  algal  species,  and  the  type  of  media 
used.  Biostimulatory  effects  were  most  pronounced  in  experiments  conducted 
in  synthetic  seawater  which  contained  added  micro-nutrients  and  trace  metals. 
In  bay  water  experiments,  fewer  statistically  significant  results  were  re- 
corded for  drain  water  additions  indicating  either  less  biostimulatory  effect 
or  micro-nutrient  limitation  in  the  batch  culture.  Changes  in  salinity 
towards  more  optimal  levels  for  a  particular  species  also  increased  relative 
growth  rates.  In  those  species  which  exhibited  higher  growth  rates  at  in- 
creased salinities,  the  higher  drain  water  concentrations  were  biostimula- 
tory. In  species  which  grew  best  at  lower  salinities,  drain  water  was  less 
biostimulatory  and,    in    some   cases,    caused   a  decline    in   growth. 

Field  and  literature  analysis  indicates  that  high  turbidity,  lack  of 
suitable  substrates,  and  low  salinities  are  responsible  for  the  greatly 
reduced  extent  and  abundance  of  estuarine  macroalgae  in  San  Pablo  and  Suisun 
Bays.  The  1983  field  season  was  a  period  of  abnormally  high  discharge,  how- 
ever, the  distribution  of  macroalgae  in  previous  years  also  exhibited  a  rapid 
decline  in  abundance  and  species  diversity  landward  of  the  Carquinez  Straits. 
Macroalgae  also  exhibit  seasonal  variations  in  abundance  based  on  water 
temperature,  daylength,  and  light  attentuation.  Most  favorable  conditions 
for  algal  blooms  would  be  expected  during  the  summer.  The  most  critical 
period  in  relation  to  macroalgal  blooms  will  occur  during  dry  and  critically 
dry  years  when  delta  outflow  is  reduced  for  long  periods  during  the  spring 
and  summer  resulting  in  higher  bay  salinities  and  greater  light  penetration. 
Nevertheless,  even  during  the  drought  years  of  1976  and  1977,  when  Suisun  Bay 
salinities  during  summer  were  as  high  as  15  ppt,  macroalgal  blooms  were  not 
recorded  in  Suisun  Bay.  Water  transparencies  also  increased  as  did  average 
nitrogen  concentrations  (Arthur  and  Ball  1979).  The  lack  of  recorded  macro- 
algal blooms  in  Suisun  Bay  may  have  been  due  to  insufficient  light  at  depth 
and/or    lack    of   hard    substrate. 

When  the  San  Luis  Drain  is  fully  operating,  thirty-six  percent  of  the 
annual  drain  discharge  into  Suisun  Bay  will  occur  during  the  summer  months 
(Cederquist,  1983).  Maximum  TDS  and  nitrate  loading  is  projected  for  2020 
based  on   flow  and  drainage  acreage  which  would   contribute   760,485  tons  of 


salt  (TOS)  and  2845  tons  of  nitrate  into  Suisun  Bay  during  the  summer  months 
(June,  July,  and  August).  This  amounts  to  8450  tons  TDS/day  at  an  estimated 
salinity  concentration  of  6,6  ppt.  Similarly,  nitrate  discharge  would 
approximate  31.6  tons/day  at  an  estimated  concentration  of  24.7  mg/1.  Other 
algal  nutrients  (NHS  and  P04)  would  be  discharged  at  less  than  0,1  mg/1. 
Taking  a  worst  case  senario  of  a  critically  dry  year  for  2020,  San  Luis 
discharge  during  these  months  would  be  approximately  500  cfs  compared  to  a 
Delta  outflow  of  2-3000  cfs  (estimate  based  on  current  de  velopment)(  Mi  1 1  er 
1982).  Using  estimates  provided  by  Hydroqual  (Fitzgerald:  3/23/84),  the 
highest  nitrate  and  nitrite  concentrations  are  estimated  to  occur  in  Grizzly 
and  Suisun  Bay  when  flows  are  2000  cfs  or  less  and  light  penetration  average. 
These  concentrations  ranged  between  0.4  to  1,0  mg/1  N03  +  N02.  These  levels 
of  nitrogen  are  higher  than  summer  ranges  in  normal  water  years  (Arthur  and 
Ball    1979). 


The  key  criteria  will  be  the  relative  response  of  phytop lankton  and 
benthic  macroalgae  to  the  higher  salinity,  greater  water  clarity,  and  nu- 
trient concentrations.  In  Suisun  Bay,  light  levels,  despite  reductions  in 
suspended  sediments,  will  probably  limit  benthic  macroalgal  growth.  Even  in 
relatively  shallow  areas,  prevailing  summer  winds  may  resuspend  sediments 
sufficiently  to  reduce  light  levels  and  benthic  macroalgal  growth.  San  Pablo 
Bay  is  likely  to  exhibit  the  greatest  increase  in  salinity  and  water  clarity, 
however,  drain  water  concentrations  may  only  reach  0.5%.  Under  these  condi- 
tions, some  slight  biost  i  mul  at  ion  due  to  drain  water  may  be  expected,  but 
would  be  masked  by  the  greater  response  of  estuanne  macroalgae  to  more 
favorable    light    and   salinity    conditions. 


SUMMARY  OF  RESULTS 


A,   Literature  review: 


1.  The  distribution  of  estuarine  macroalgae  is  primarily  limited  by 
fluctuating  salinity  concentrations  and  reduced  light  levels.  Generally, 
species  number  and  diversity  decrease  with  distance  inland.  Annual  species, 
especially  within  the  green  algae  (Chlorophyta),  extend  further  towards  the 
head  of  the  estuary  than  perennial  red  (Rhodophyta)  and  brown  (Phaeophyta) 
algae.  Lack  of  hard  substrates,  temperature  fluctuations,  high  turbidity, 
and  pollution  are  also  given-  as  factors  reducing  species  number  and  favoring 
annual    species. 

2.  Most  estuarine  macraalgal  species  exhibit  adaptive  responses  to 
prevailing  conditions,  either  genetically  based  races  or  ecological  types. 
Thus,  some  species  such  as  Enteromorpha  or  C 1  adophora  may  exhibit  wide  dis- 
tributional ranges  within  an  estuary  due  to  a  number  of  separately  adapted 
races.  These  species  are  most  frequently  involved  in  nuisance  algal  blooms 
in  estua  ri  es. 

3.  The  greatest  abundance  of  macroalgae  occur  in  summer  months  in 
temperate  estuaries  generally  corresponding  to  warmest  temperatures,  stable 
salinities,     and    highest    irradiance. 

4.  The  most  frequent  cause  of  nuisance  algal  blooms  in  estuaries  is 
increased  nutrient  availability.  Light  availability  is  the  crucial  factor 
determining  the  relative  response  of  the  various  primary  producers  to  in- 
creased nutrients.  High  turbidity  favors  phytopl ankton  whereas  more  trans- 
parent waters  stimulate  benthic  vegetation,  especially  macroalgae.  In  the 
Chesapeake  Bay,  increased  nutrient  loading  has  resulted  in  greater  phyto- 
plankton  biomass  which  has  reduced  light  transmission  and  resulted  in  a 
decline  in  the  submerged  aquatic  vegetation  in  the  upper  reaches  of  the 
estuary.  Increased  nitrogen  levels  are  usually  the  limiting  nutrient  in 
temperate    estuaries. 

5.  Studies  on  herbicide  (atrazine  and  linuron)  concentrations  on  submerged 
aquatic  vegetation  (vascular  plants)  in  Chesapeake  Bay  indicate  that  concen- 
trations in  excess  of  10  ppb  caused  substamtal  reductions  in  photosynthesis 
of  brackish  water  species.  Despite  levels  in  agricultural  drainage  which 
reached  100  ppb,  levels  in  Chesapeake  Bay  rarely  exceeded  5  ppb  due  to 
dilution   and    rapid  degradation    of   the    herbicides. 

B.    Field    studies: 


1.  The  species  diversity  of  estuarine  macroalgae  is  drastically  reduced 
with  increasing  distance  inland  from  central  San  Francisco  Bay.  Only  7 
marine  or  estuarine  macroalgae  were  observed  at  the  western  end  of  Suisun  Bay 
and  only  4  penetrated  to  Suisun  Bay.  Several  freshwater  species,  filamentous 
blue-greens,  and  various  diatoms  were  collected  on  hard  substrates  within 
Suisun   Bay.       During   the    study   period    (1983),     water    salinities    in    the   western 


Suisun  Bay  did  not  exceed  15,000  umhos/cm  (10  ppt)  and  were  generally  below 
10,000  umhos/cm  (6  ppt).  Central  Suisun  Bay  was  generally  below  5000 
umhos/cm  (3  ppt)  and  Pittsburg  below  250  umhos/cm  (0  ppt).  Salinities  below 
10  ppt  general  ly  do  not  support  extensive  development  of  estuarine  macro- 
algae. 

2.  Peaks  in  the  species  diversity  and  biomass  of  macroalgae  in  San 
Francisco  Bay  occur  primarily  during  summer  months.  During  this  period, 
water  temperatures  and  salinity  are  highest  and  water  turbidity  due  to  river- 
borne  suspended  sediments  is  lowest.  The  algal  flora  in  San  Pablo,  the 
Carquinez  Straits,  and  Suisun  Bay  is  dominated  by  annual  species  which 
respond  favorably  to  these  summer  conditions.  The  more  frequent  occurrence 
of  day-time  low  tides  in  summer  months  may  also  stimulate  algal  growth  by 
effectively   increasing    irradiance   to    intertidal    and   subtidal    areas. 

3.  The  lack  of  hard  substrates  in  Suisun  Bay  significantly  reduces 
available  habitat  for  estuarine  macroalgae.  Most  forms  which  eventually  form 
drift  algae  must  begin  their  initial  growth  on  hard  substrates.  Many  of  the 
mudflat  areas  along  the  channel  are  scoured  by  currents  and  do  not  support 
benthic   algal    growth. 

4.  Blue-green  algae  and  diatoms  were  the  primary  algal  colonizers  of 
fouling  plates  placed  in  Suisun  Bay  during  summer  months.  Only  infrequent 
attachment   by  Enteromorpha.    Monostroma,    and   Cladophora  were   observed. 


C.       Laboratory   bioassay    studies: 

1.  Species  used  in  bioassays  were:  Enteromorpha  clathrata,  Compsopogon 
sp.,  Chaetomorpha  1  inum,  Cladophora  sericea.  and  Cladophora  sp.  (Suisun  Bay). 
Each   are  common   estuarine   forms    from    either  San  Pablo  or  Suisun   Bay. 

2.  All  species  except  Ent  eromorpha  cl  athr  ata  exhibited  significant 
differences  in  growth  when  exposed  to  salinities  between  1  and  20  ppt. 
Species  isolated  from  San  Pablo  Bay  generally  exhibited  increased  growth  with 
higher  salinity.  E^  cj[ath£at^a  exhibited  a  wide  tolerance  to  various 
salinities.  The  two  species  isolated  from  Suisun  Bay  (Compsopogon  sp.  and 
Cladophora    sp.)    grew    best    at    5    ppt. 

3.  In  bioassay  tests  run  in  enriched  synthetic  seawater,  increasing 
drain  water  concentrations  ^ere  generally  biosti mulatory.  Greatest  biostimulation 
was  observed  at  optimal  gro//th  salinities  for  each  species.  Visual 
observations  of  increased  chlorophyll  concentrations  at  higher  drain  water 
concentrations  suggest  that  '^03  ^^  the  primary  stimulatory  compound 
However,  in  the  more  brackish  //ater  species  tested:  Compsopogon  sp.  and 
Entermorpha   clathrata,    some    inhibitory  effects  were  observed. 

4.  In  bioassay  tests  r.n  with  enriched  bay  water  as  the  culture  medium, 
significant  differences  1'  growth  were  noted  for  each  species  at  various 
salinities.  Drain  water  cc 'zentrations  were  less  b  iost  i  mul  atory  (based  on 
statistical  differences)  '.'an  noted  in  enriched  synthetic  seawater.  For 
several  species  (Chaetomorpha  j_in£m.  C_[ado£hora  sericea  II,),  drain  water 
concentrations  did  not  ca'j',«r  any  significant  differences  in  growth,  i  e.  no 
biostimulatory  or  toxic    effect-:- 


PREVIOUS   FIELD  WORK  AND   LITERATURE   SURVEY 

Previous  work  on  the  the  macroalgae  of  San  Francisco  Bay  has  been 
conducted  by  Paul  S'ilva  of  the  University  of  California  and  Drs.  Michael 
Josselyn  and  John  West  of  San  Francisco  State  University  and  the  University 
of  California,  respectively.  Silva  reported  the  results  of  his  work  on  the 
distribution  of  marine  algae  in  the  central  San  Francisco  Bay  in  1979. 
Josselyn  and  West  have  reported  their  studies  in  annual  reports  to  the 
California  Water  Resources  Center  (1982,  1983).  These  latter  studies  have 
focused  on  the  distribution  of  estuarine  algae  in  the  northern  reach  of  San 
Francisco  Bay  and  included  three  aspects:  field  distributional  surveys,  in 
situ  growth  rate  experiments  with  selected  estuarine  algae,  and  laboratory 
cross-gradient  culture  of  selected  species.  These  data  are  summarized  in 
the    literature    survey  and   discussion   below. 

Role  of  substrate    in   estuarine  macroalgal    distribution 

Suitable  substrate  for  attachment  is  one  of  the  major  limiting  factors 
for  the  establishment  of  macroalgae  in  estuaries.  Hard  substrates  -  rock, 
pebbles,  seawall,  shells,  -  usually  support  the  greatest  diversity  of 
macroalgae  compared  to  mudflats  or  sanded-in  areas  (Silva  1979).  The 
majority  of  the  San  Francisco  Bay  shoreline  is  composed  of  recent  sedimentary 
deposits  and  hard  substrate  is  limited  to  regions  of  bedrock  exposure. 
Developed  shorelines  and  harbors  are  usually  lined  by  hard  substrate;  how- 
ever, the  vertical  nature  of  seawalls  with  their  lack  of  m icrohabi tats  can 
limit  algal  diversity.  Except  for  the  shoreline  surrounding  the  central  bay, 
most  harbors  are  very  turbid  and  do  not  support  algae  below  mean  sea  level. 
In  the  case  of  rock  armor  used  to  protect  diked  wetlands,  most  dikes  are 
placed  on  top  of  the  marsh  plain  and  are  therefore  located  above  mean  high 
water  and  unsuitable  for  extensive  algal  colonization.  Some  fill  for 
development  has  been  placed  over  mudflats  and  rocky  armor  at  these  tidal 
levels    is    rapidly    colonized. 

The  community  colonizing  hard  substrates  is  most  abundant  in  the  central 
bay  and  has  been  well  described  by  Silva  (1979).  It  is  comprised  of  145 
species,  the  majority  of  which  extend  only  within  a  region  bounded  by  the 
Golden  Gate,  Tiburon  peninsula.  Angel  Island,  Treasure  Island,  and  the  north 
shore  of  the  city  of  San  Francisco.  It  is  typified  by  an  upper  band  of 
£nteromor£ha  sp. ,  UJUa  sp.,  and  Fucus  di  st  ic  hu  s  ssp  eden  ta  tus  (  =  Fucu  s 
gardneri  Silva),  a  middle  band  of  Gel idium  coul teri  and  Gigartina  papi 1  lata, 
and  a  lower  group  consisting  of  Xnldaea  cordata,  Gi  gart  ina  exaspera  ta, 
Sa  rgassum  mu  ti  cum  ,  and  Cryptopl  eu  ra  v2oJ_ac£a.  The  algae  colonizing  hard 
substrates  are  frequently  outer  coast  species  which  penetrate  the  estuary  to 
the  limits  of  their  physiological  tolerance  to  low  and/or  fluctuating 
salinity  (den  Hartog  1967,  Munda  1978).  In  addition,  areas  of  rapid  tidal 
currents  can  also  support  outer  coast  species  not  found  in  adjacent  protected 
water  sites.  Mathieson  et  al.  (1977,  1981,  1983)  observed  several  species 
typical  of  "open  coastal"  conditions  restricted  to  locations  within  an 
estuary  in  New  Hampshire  (USA)  where  tidal  rapids  occur.  Similarly,  several 
species  of  kelp  (Laminaria  sinclai  ri  i  and  Egregia  menziesi  i )  and  red  algae 
(Gymnogongrus  leptophyl lus  and  Halymenia  schizymeniodes)  typical  of  central 
San    Francisco    Bay,     are    found    as    an    isolated    population   on    the   Twin    Sisters, 


two  rocky  outcroppings  in  San  Pablo  Bay,  approximately  23  km  inland. 
Species  diversity  at  the  Twin  Sisters  is  particularly  enhanced  for  lower 
intertidal  species  compared  to  a  nearby  non-tidal  rapid  site  (China  Camp). 
This  is  similar  to  the  results  reported  by  Kitching  and  Ebling  (1967),  Lewis 
(1968),  and  Mathieson  et  al.  (1977)  and  has  been  attributed  to  greater  nu- 
trient exchange    and    reduced   sedimentation  on   algal    fronds. 

Rocky  substrates  in  the  upper  reaches  of  the  bay  are  more  frequently 
subject  to  alternating  periods  of  exposure  and  coverage  by  sediments 
transported  by  the  river.  Major  sedimentary  loading  occurs  in  winter  and 
spring  and  completely  covers  the  lower  intertidal  which  eliminates  longer- 
lived  perennial  species.  The  lower  intertidal  at  Point  Pinole  in  San  Pablo 
Bay  was  covered  by  silty-sand  in  the  winter  of  1982-3  which  eliminated 
available  substrate  for  several  species  (Gigartina  exasperata,  Cryptopleura 
vnoj^acea,  and  PoLLxQ^itJl^  Jj.iim.ni^)-  '^^^  area  remained  covered  during  the 
summer  and  these  species  were  not  able  to  re-establish.  Annuals  such  as  Ul va 
and   Enteromorpha  did  establish   on    rocks  exposed  during  the   summer. 

Another  substrate  supporting  a  distinctive  macroalgal  community  is  the 
sanded-in  habitat.  Silva  (1979)  noted  a  distinct  group  of  macroalgae  which 
tolerated  sand  cover  and  were  frequently  observed  in  central  bay.  Only  one 
species,  Gracilana  verrucosa,  extends  to  sites  in  San  Pablo  and  south  San 
Francisco  Bay.  It  is  most  abundant  in  summer  and  fall  months  and  lowest 
during    winter-spring    (DeSouza    1981). 

The  most  abundant  substrates  in  the  bay  are  intertidal  and  subtidal  soft 
mud  bottoms.  Few  species  are  able  to  colonize  these  substrates;  however, 
under  certain  conditions,  their  biomass  can  be  substantial.  Some  of  the 
species  inhabiting  soft-bottom  areas  require  some  initial  hard  substrate  for 
attachment  such  as  a  shell  fragment  or  pebble.  Upon  reaching  a  larger  size, 
currents  and  wave  action  will  move  these  algae  along  with  their  small 
attachment.  Home  and  Nonomura  (1976)  describe  the  detrimental  effects  when 
these  algae  accumulate  on  beaches  and  begin  to  decay.  Other  species  do  not 
require  hard  attachment  sites  and  become  established  directly  on  the  surface 
of  a  mudflat  or  on  the  bottom.  These  sites  are  frequently  sheltered  from 
currents  or  strong  wave  action.  Eelgrass  (Zostera  marina)  may  also  provide 
some  protection  and  allow   for  the  establishment  of  unattached  macroalgae. 

Establishment  and  growth  on  mudflats  are  frequently  limited  to  the 
spring  and  summer  months  with  no  apparent  over-wintering  biomass.  As  biomass 
increases,  plants  are  more  easily  dislodged  from  the  bottom  and  spread  by 
tidal  currents.  Most  are  able  to  continue  to  grow  under  these  drift  condi- 
tions. Two  species  which  are  more  abundant  as  drift  than  as  attached  forms 
are  Cladophora   sericea    and   Polysiphonia    denudata. 

In  summary,  substrate  type  is  a  significant  factor  in  the  types  of 
macroalgal  communities  observed  in  San  Francisco  Bay.  Hard  substrates  sup- 
port the  greatest  diversity  of  species  and  are  most  abundant  near  the  mouth 
of  the  bay.  High  rates  of  sedimentation  near  the  head  of  the  estuary  and  the 
lack  of  rocky  outcrops  in  south  bay  result  in  a  less  diverse,  but  at  times, 
more  abundant  algal  flora  on  intertidal  and  subtidal  mudflats.  The  seasonal 
nature  of  sedimentation  may  be  a  contributing  factor  to  the  lack  of  perennial 
species    in    these    regions. 

Macroalgal    distribution  in   estuaries 


The  distribution  of  attached  algae  within  estuaries  has  been  well  de- 
scribed for  a  number  of  areas  (Wilkinson  1980:  Table  1).  Generally,  species 
number  and  diversity  decrease  with  distance  inland.  Annual  species, 
especially  within  the  green  algae  (Chlorophyta),  extend  further  towards  the 
head  of  the  estuary  than  perennial  red  (Rhodophyta)  and  brown  (Phaeophyta) 
algae.  Salinity  is  the  most  frequently  cited  factor  affecting  distribution 
in  estuaries  although  precise  salinity  limits  for  individual  species  are 
difficult  to  determine  (Wilkinson,  ibid).  Lack  of  hard  substrates,  tempera- 
ture fluctuations,  high  turbidity,  and  pollution  are  also  given  as  factors 
reducing  species  number  and  favoring  annual  species  (Chapman  1957,  Druehl 
1967,     Doty  &  Newhouse   1954,    Johnston    1971.    Bokn    and    Lein    1978). 

Silva  (1979)  lists  156  species  for  San  Francisco  Bay  which  colonize 
either  hard  substrates  or  grow  loosely  on  mudflats  or  beaches.  One  hundred 
and  twenty-five  are  outer  coast  species  which  penetrate  the  central  bay  and 
31  are  protected  water  species  (estuarine)  more  prevalent  in  the  bay  than  the 
open  coast.  Josselyn  and  West  (in  press)  have  expanded  the  total  number  of 
species   to    162    including    33   estuarine   species. 

The  most  widely  distributed  species  in  San  Francisco  Bay  are: 
Eji  teromorRha  c_l_ath£ata,  E_^  _i_n  tes_t2naj_j_s,  E_^  liHI^-  iJlM  an£usta,  U 1  va 
lactuca,  CI adophora  seri cea.  Anti thamnion  kyl i ni  i  and  Polysiphonia  denudata; 
all  but  the  latter  two  which  are  green  algae.  Other  very  common  species  with 
a  slightly  more  restricted  distribution  include:  fjjcu.s^  dji_stj_chL[S  ssp 
eden  ta  tu  s,  Gliac_i_J_a£ia  ve£nj£0sa,  Br^£sj_s  hynoides,  Grateloupia  doryphora, 
and  Gji^a£tJ_r[a  ex^as^e^rata.  The  south  bay  has  one  species  not  found  in  the 
northern  reach:  Cod  ium  fra^j_[e,  an  introduced  species  from  the  North 
At  lanti  c. 

The  number  of  species  of  estuarine  algae  observed  in  San  Francisco  Bay 
are  lower  compared  to  other  estuaries,  although  the  genera  are  often  similar. 
Orris  (1980)  listed  52  taxa  for  Chesapeake  Bay  (USA)  and  observed  that 
species  in  the  genera  Ceram  ium,  Polysiphoni  a,  CI  adophora.  Enteromorpha,  and 
Ul va  were  the  most  frequently  observed  algae  in  the  upper  bay.  Mathieson  et 
al.  (1981)  recorded  162  taxa  of  seaweeds  for  the  Great  Bay  estuary  system  in 
New  Hampshire  (USA)  with  the  greatest  diversity  at  the  two  collection  sites 
near  the  mouth  of  the  estuary  and  at  a  tidal  rapid  site  5.0  km  inland.  At 
non-tidal  rapid  niixohaline  sites  with  a  salinity  range  similar  to  the  sites 
reported  here,  Mathieson  et  al.  (ibid)  recorded  87  species.  The  large  number 
of  species  recorded  may  be  due,  in  part,  to  the  more  prevalent  rocky  shore 
environment  in  Great  Bay,  Species  they  found  at  all  stations  sampled  were: 
CI  adophora  l^Hicea,  lntej2omo££_ha^  i  ntes  ti  na  1  is,  E.  prol  i  fera,  Ul  va  lactuca, 
and  Ceram  iun  rubrum.  Icelandic  fjords  also  contain  a  diverse  estuarine  flora 
at  sites  with  salinities  ranging  from  1  to  20  ppt.  Munda  (1978)  recorded 
between  43  to  70  taxa  for  four  fjords  with  the  genera  Enteromorpha , 
Py  la  ie  1 1  a.  and  UJ^a  being  most  common  within  each.  The  large  number  of 
species  recorded  can  be  attributed  to  a  well-developed  sublittoral  vegetation 
as  a  result  of  the  low  turbidity  and  more  stable  salinities  at  depth  in 
fjords    as    compared    to    less    stratified    estuaries. 

Estuaries  with  high  rates  of  sedimentation  and  few  rocky  outcrops  are 
usually  more  similar  to  San  Francisco  Bay  in  species  number.  Dutch  and 
British  estuaries  are  noticeably  reduced  in  species  number  (den  Hartog  1967, 
Wilkinson   et   al    1976)    and    tend    to   be  dominated    by  green    algae   or    filamentous 
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diatoms.  In  reviewing  algal  distributional  lists  for  many  European  and 
American  estuaries,  Wilkinson  (1980)  concluded  that  fluctuating  salinity  and 
heavy  silt  load  are  the  most  important  factors  influencing  algal  diversity  in 
an  estuary.  Both  of  these  factors  strongly  influence  the  numbers  and  pat- 
terns  of    species   distribution    in    San    Francisco   Bay. 

Estuarine  macroalgal    abundance:      seasonal ity 

Algal  biomass,  unlike  species  number,  does  not  necessarily  decrease  with 
distance  inland.  Increases  in  macroalgal  biomass  can  occur,  especially  in 
calm,  protected  areas.  The  increase  in  biomass  is  usually  associated  with 
warmer  temperatures  and  longer  day-length.  In  some  cases,  macroalgal  blooms 
analogous  to  phytoplankton  blooms  occur,  and  create  thick  mats  on  the  bottom 
(McComb  et  al.  1981,  Bach  &  Josselyn  1978)  or  cause  nuisance  problems  when 
they  are  washed  ashore  and  begin  to  decay  (Home  &  Nonomura  1976,  Wilce  et 
al.  1981,   Sewell    1982). 

Nuisance  blooms  have  been  described  from  numerous  locations  including 
Bermuda  (Bach  and  Josselyn  1978),  Langstone  Harbor,  UK  (Soulsby  et  al  1982), 
Peel-Harvey  estuary,  Australia  (McComb  et  al  1981)  Nahant  Bay,  Massachusetts 
(USA)  (Wilce  et  al  1981),  and  San  Francisco  Bay  (Silva  1979).  Impacts  to 
estuarine  organisms  include  anoxia,  loss  of  preferred  food  sources,  and 
depletion  of  nutrients  in  the  water  column.  In  most  cases,  excess  nutrients 
are  considered  the  cause  for  the  increased  growth.  However,  in  some  cases, 
introduced  species  or  changes  in  physical  conditions  of  the  estuary  may 
induce  nuisance  blooms.  Thus,  while  estuaries  are  stressful  environments  to 
most   marine   algae,    a   few    adapted    species   can    flourish. 

Seasonal  changes  in  San  Francisco  Bay  can  be  considered  within  two 
hydrographic  periods:  a  winter-spring  period  of  rainfall  and  high  run-off  and 
a  summer-fall  period  of  little  to  no  rainfall  and  low  river  discharge. 
During  the  winter-spring,  a  28%  reduction  in  species  number  occurs  at 
Tiburon,  37%  at  Pt.  Pinole,  and  over  80%  reduction  at  Crockett  and  Martinez. 
Brown  algae  appear  to  be  the  most  sensitive  to  seasonal  changes  and  green 
algal  diversity  is  reduced  by  50%  at  all  sites  during  the  winter-spring 
period.  Red  algae,  once  established  at  a  site,  undergo  the  least  seasonal 
change   in    species   number. 

The  corresponding  changes  in  percent  cover  for  intertidal  macroalgae 
within  permanently  marked  quadrats  is  given  in  Figures  1-2.  These  graphs 
reflect  only  changes  in  large  abundant  species,  not  total  species  number. 
At  Tiburon,  seasonal  variation  is  evident  with  greatest  abundance  occurring 
during  May-September.  Green  algae  contribute  the  most  to  the  seasonal  maxi- 
mum in  June  and  July  whereas  red  algae  are  present  year-round  especially  at 
the  lower  elevations.  Before  and  following  the  green  algal  maximum  in  sum- 
mer, the  red  algae  comprise  the  greatest  proportion  of  percent  cover  at  lower 
elevations.  Although  brown  algae  (notably  Fucus  di  stichl  is  ssp  edentatus) 
are   present  year-round,    they   are   abundant  only  during   summer  months. 

Green  algae  comprise  the  largest  portion  of  percent  cover  at  Pt.  Pinole 
and  reach  greatest  abundance  at  the  higher  elevations.  Peak  abundance  occurs 
later  in  the  summer  as  compared  to  the  Tiburon  site.  The  difference  in  peak 
biomass  for  the  two  sites  can  be  attributed  to  differences  in  the  most 
frequent  day-time  low  tides  (see  below)  and  to  an  accumulation  of  drift  algae 
at  higher  elevations  at  Pt.   Pinole  which  does   not  occur   at   Tiburon.      Green 
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Tiburon         Pt.  Pinole       Crockett 
I  I  I 


Martinez 
I 


NGVD 


1 


MLLW 


Figure  2.  Elevations  for  permanent  quadrats  for  seasonal  macroalgae  studies. 
(See  Figure  1)  ^!GVD  is  the  National  Geodetic  Vertical  Datum  of  1929,  a  plane 
of  reference  established  for  all  vertical  measurements.   It  approximates  MSL. 
Tidal  elevations  qenerally  increase  in  elevation  as  one  proceeds  up  estuary 
due  to  the  river  hydraulic  head  and  basin  morphology. 
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algae  dominate    at   Crockett  and  Martinez   and   exhibit   a   summer   peak  especially 
at   higher   elevations. 

For  San  Francisco  Bay,  species  diversity  at  all  sites  is  reduced  during 
winter-spring  when  salinities  drop  below  10  ppt.  Crockett  and  Martinez 
exhibit  the  greatest  decline  and  also  have  the  longest  duration  of  low 
salinity  water  (lasting  for  7  mo  in  1982),  When  salinities  increase  in  late 
summer  through  fall,  even  differences  of  5-7  ppt  may  account  for  greater 
diversity  of  species  at  Crockett  especi  al  ly  for  salinity-sensitive  red  and 
brown  algae.  Other  factors  such  as  temperature,  light  attenuation,  substrate 
availability,  and  low  tide  exposure  are  similar  for  both  sites.  The  role  of 
salinity  in  reducing  algal  diversity  at  Pt.  Pinole  compared  to  Tiburon  may  be 
less  important  than  the  lack  of  suitable  substrate  and  increased  siltation  at 
Pt.  Pinole.  The  greatest  reduction  is  for  lower  and  middle  intertidal 
species,    the   regions   most    impacted   by  siltation. 

Estuarine  macroalgal    abundance:    environmental    factors 

Variation  in  temperature,  salinity,  and  available  light  are  most  often 
cited  as  the  causes  for  seasonal  changes  in  algal  distribution  in  estuaries 
(Wilkinson  1980).  Variation  in  these  parameters  for  the  collection  sites  in 
San  Francisco  Bay  are  given  in  Figures  3-5.  Water  temperature  varies 
strongly  over  the  year  with  little  significant  difference  among  sites  except 
during  winter  when  Crockett  and  Martinez  stations  are  cooler.  More  pro- 
nounced differences  between  sites  are  observed  for  salinity  and  light 
attenuation.  Although  the  seasonal  fluctuation  in  salinity  is  greatest  for 
the  Tiburon  and  Pt.  Pinole  sites,  the  duration  of  low  salinity  conditions 
(below  10  ppt)  is  only  1-3  mo.  At  Crockett  and  Martinez,  salinities  may 
remain  below  10  ppt  for  the  entire  year  and  are  frequently  below  5  ppt  for  6 
mo.  Light  attenuation  as  measured  by  the  extinction  coefficient  also  under- 
goes a  strong  seasonal  change  with  significant  differences  between  the 
Tiburon-Pt.  Pinole  sites  and  the  Crockett-Martinez  sites.  Year-to-year  dif- 
ferences are  also  apparent  and  are  probably  a  reflection  of  the  position  of 
the   null    zone  or   turbidity  maximum   (Arthur  and   Ball    1979). 

To  analyze  the  variation  observed,  two  levels  of  environmental  change 
must  be  considered:  clinal  changes  over  the  estuarine  gradient  and  seasonal 
variation  at  each  site.  Most  of  the  change  in  community  structure  between 
sites  can  be  attributed  to  the  inability  of  marine  species  to  tolerate  low 
salinities.  Lower  salinity  affects  photosynthetic  rates,  respiratory  rates, 
survival  of  spores,  desiccation  resistance,  responses  to  light  intensity, 
competitive  ability,  herbivore  pressure,  cell  division  rates,  and  reproduc- 
tive capacity  (Wilkinson  1980).  More  importantly,  fluctuations  in  salinity 
as  opposed  to  absolute  salinity  can  reduce  survival  and,  hence,  penetration 
of  marine  algae,  den  Hartog  (1967)  noted  that  in  Dutch  estuaries,  most  brown 
and  red  algae  were  eliminated  when  average  salinities  were  below  25  ppt 
whereas  green  algae  penetrated  to  sites  with  average  salinities  of  20  ppt. 
These  same  species  were  found  at  considerably  lower  salinities  in  the  Baltic 
Sea  where  seasonal  fluctuations  are  low.  Other  authors  have  commented  on  the 
fluctuations  in  salinity  as  one  of  the  most  significant  factors  in  reducing 
the  penetration  of  marine  organisms  into  estuaries  (Emery  and  Stevenson  1957, 
Mathieson  et  al  1981).  In  addition,  many  algae  adapted  to  low  salinities  are 
eliminated  from  regions  in  which  freshwater  conditions  exist  for  long  periods 
of  time.  Yarish  and  Edwards  (1982)  found  that  Calo^Joss a  le^ric urjM  and 
Polysiphonia    subtilissima   were    abundant   where  yearly    salinities   ranged    from 
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Figure  3."  Water  temperature  (taken  monthly)  for  sites  in  northern  San 
San  Francisco  Bay. 
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Figure  4.     Mean  cross-sectional   salinity  for  sites  in  northern  San 
Francisco  Bay. 
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Figure  5.     Extinction  coefficients  for  sites  in  northern  San  Francisco 
Bay. 


17 


4.8  to   18.  5  ppt  but  were  eliminated  when  salinities  dropped  to  0  ppt  during 
spring    months. 

The  seasonal  increase  in  abundance  for  macroalgae  at  each  site  is  cer- 
tainly related  to  increasing  day-length,  higher  sun  angle,  and  increasing 
temperatures.  However,  at  Tiburon,  percent  cover  by  green  algae  begins  to 
increase  in  April  and  May  at  the  higher  elevations  and  peaks  during  June  and 
August.  Shellem  and  Josselyn  (1982)  observed  a  similar  increase  in 
Enteromorpha  clathrata  on  mudflats  in  nearby  Richardson  Bay  and  related  this 
increase  to  more  frequent  day-time  exposure  of  the  mudflat  by  low  tides.  A 
similar  relationship  between  more  frequent  day-time  low  tides  and  increasing 
biomass  was  observed  for  the  Tiburon  and  Pt.  Pinole  sites.  Most  frequent 
day-time  exposure  at  Tiburon  occurs  in  April  through  June  whereas  similar 
day-time  exposures  (greater  than  15  times)  at  Pt.  Pinole  do  not  occur  until 
June  (figure  6).  This  latter  period  corresponds  to  the  increase  in  percent 
cover  at  higher  elevations.  The  importance  of  day-time  exposure  is  evident 
in  highly  turbid  estuarine  waters  since  the  depth  of  the  water  column  is 
lowered  and  greater  light  can  reach  the  bottom.  This  can  be  especially 
important  in  areas  with  tidal  ranges  of  1.5  to  2.5  m.  Day-time  exposures  at 
Crockett  and  Martinez  are  more  frequent  in  May  and  June  and  correspond  to 
increasing  green    algal    coverage. 

Factors   relating   to   algal   bloom  occurrences 

Algal  blooms  require  four  conditions  for  maximum  growth:  warm  tempera- 
tures, optimal  salinity,  sufficient  light,  and  a  supply  of  nutrients.  Tem- 
perature is  controlled  by  solar  radiation  and  usually  undergoes  a  predictable 
cycle  year  to  year  with  warmer  summer  temperatures  near  the  head  of  the 
estuary  (Conomos  1979).  Within  the  range  of  temperatures  observed  in  San 
Francisco  Bay  (8  to  24oC),  most  algae  exhibit  increasing  photosynthetic  rates 
with  higher  temperature  and,  if  all  other  conditions  were  equal,  would  grow 
fastest  near  the  head  of  the  estuary.  However,  the  differences  in  the 
remaining  factors  along  the  estuarine  gradient  and  their  seasonal  variation 
determine   the    occurrence   of    algal    blooms. 

Salinity  and  light  attenuation  are  closely  related  to  delta  outflow 
(Conomos  et  al  1979,  Arthur  and  Ball  1979).  When  delta  outflow  decreases  in 
summer  months,  salinities  and  light  penetration  in  the  northern  reach  of  the 
bay  increase.  The  salinity  increase  is  due  to  decreased  dilution  of  oceanic 
water  and  greater  light  penetration  is  related  to  decreased  sediment  loading 
(Krone  1979).  Higher  sun  angle,  longer  day-length,  and  more  frequent  day- 
time low   tides  in   summer   also  contribute   to    increasing    light   penetration. 

Estuarine  algae  are  euryhaline  and  grow  well  under  a  wide  range  of 
salinities.  The  optimal  range  of  salinities  for  various  species  in  San 
Francisco  Bay  differs,  ie  Enteromorpha  cjathrata  10-20  ppt  (Shellem  and 
Josselyn  1982);  Cladophora  sericea  20-30  ppt  (West  and  Josselyn  1982,  1983); 
and  Gracilaria  verrucosa  15-35  ppt  (DeSouza  1981).  Summer  salinities  in 
central  bay  are  generally  above  30  ppt  in  both  dry  and  wet  years,  range 
between  10  and  30  ppt  in  San  Pablo  Bay,  and  are  between  0  and  10  ppt  in 
Suisun  Bay.  The  California  Department  of  Water  Resources  (1982)  has  compiled 
a  6-year  data  set  on  delta  outflow  and  salinity  in  San  Pablo  Bay  near  Mare 
Island.  Salinities  are  below  10  ppt  when  delta  outflow  is  greater  than2000 
m3  sec-1  and  range  between  15  and  30  ppt  when  delta  outflow  is  below  400  m3 
sec-1.     For  a  smaller  data  set  near  Pt.  Pinole,   salinities  range  between  15 
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Figure  6.  Monthly  frequency  of  daytime  tides  which  are  below  MLLW  for  four 
locations  in  San  Francisco  Bay. 
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and  30  ppt  when  delta  outflow  is  less  than  700  m3  sec-1.  Thus,  optimal 
salinities  for  many  nuisance  species  occur  in  central  bay  during  all  summers, 
in  San  Pablo  Bay  in  summers  with  delta  outflows  below  400-700  m3  sec-1,  and 
only  during  dry  years    in    Suisun    Bay. 

The  penetration  of  light  in  estuarine  water  is  of  critical  significance 
to  benthic  algae.  Estuarine  water  affects  both  light  quality  and  quantity. 
Under  laboratory  conditions  in  which  full  light  spectral  quality  is 
available,  CI  adophora  ser  icea  saturates  at  light  intensities  as  low  as  30 
uein  m-2  sec-1,  but  under  field  conditions,  it  saturates  at  1050  uein  m-2 
sec-1.  The  higher  saturation  level  under  field  conditions  reflects  the 
greater  attenuation  of  certain  wavelengths  in  the  water  column.  Enteromorpha 
prol ifera,  Polysiphonia  denudata,  and  Sargassum  muticum  under  field  condi- 
tions in  San  Francisco  Bay  have  saturation  light  intensities  between  600  and 
900  uein  m-2  sec-1.  Enteromorpha  clathrata,  a  high  intertidal  species  has  a 
saturation  intensity  above  2000  uein  m-2  sec-1.  Summer  light  surface  inten- 
sity ranges  between  2200  and  2600  uein  m-2  sec-1.  Thus,  many  nuisance 
5.pecies  saturate  at  1/2  to  1/4  surface  light  intensity.  For  the  northern 
reach  of  the  bay  from  Tiburon  to  Pt.  Pinole,  light  is  attenuated  to  1/2  to 
1/4  surface  levels  within  1  to  2  m  during  summer  months.  For  Pt.  Pinole  to 
Martinez,  it  is  usual  ly  less  than  1  m.  For  an  eight  year  data  set,  Conomos 
et  al  (1979)  indicate  a  gradual  decline  in  light  transmission  from  the  Golden 
Gate  to  Suisun  Bay;  the  latter  being  1/5  that  of  the  central  bay.  Little 
difference  was  noted  between  summer  and  winter  average  light  transmission  for 
the  central  bay,  a  two-fold  greater  light  transmission  in  summer  compared  to 
winter  for  San  Pablo  Bay,  and  lower  light  transmission  in  summer  for  Suisun 
Bay.  The  latter  phenomenon  is  attributable  to  the  movement  of  the  turbidity 
maximum  from  its  spring  position  in  San  Pablo  Bay  to  its  summer  position  in 
Suisun  Bay.  Additionally,  prevailing  winds  during  the  summer  can  resuspend 
sediments  in  shallow  water,  considerably  reducing  light  transmission  and  the 
potential    for   algal    growth. 

Macroalgae  can  act  as  nutrient  sinks  in  estuaries.  Welsh  (1980)  showed 
the  importance  of  Ulva  as  a  nutrient  sink  when  lifted  off  the  mudflat  surface 
during  flood  tides.  Blooms  of  macroalgae,  particularly  species  of  Ul  va , 
Enteromorpha,  and  Cladophora  have  long  been  associated  with  sewage  effluents 
(Sawyer  1965,  Johnston  1971,  Sewell  1982).  In  addition,  luxury  consumption 
or  uptake  of  nitrogen  has  been  reported  in  several  estuarine  species  (Asare 
and  Harlin  1983).  Algal  mats  on  the  bottom  also  take  up  nutrients  being 
generated   by   microbial    processes    in    the    sediments    (Jansson    1980). 

Nutrient  input  from  sewage  treatment  facilities  has  been  cited  as  a 
causal  factor  for  benthic  algal  blooms  in  other  regions  (Sawyer  1965,  Tubbs 
and  Tubbs  1983).  Compared  to  the  higher  levels  of  nutrients  in  south  bay  due 
to  sewage  effluent,  little  influence  on  overall  nutrient  concentrations  in 
the  northern  reach  is  evident  (Conomos  et  al  1979).  The  rapid  removal  of 
nutrients  by  benthic  algae  may  account  for  some  reduction  in  water  column 
concentrations.  Species  of  Enteromorpha  have  been  shown  to  competitively 
remove  nutrients  compared  to  other  macroalgae  (Enright  1978).  In  mixed 
systems  of  vascular  and  non-vascular  macrophytes,  Enteromorpha  and  Ulva 
generally  exhibited  a  more  rapid  growth  response  under  various  additions  o7 
ammonium  and  nitrate  (Harlin  and  Thorne-Mi 1 ler  1981).  An  additional  source 
of  nutrients  which  may  benefit  benthic  algae  directly  is  benthic  reminerali- 
zation.  For  south  bay,  Hammond  and  Fuller  (1979)  calculated  average  flux 
rates  of  ammonia  and  phosphate   at  4  and  0.03    mmol    m-2  d-1.      This    level    of 
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nutrient  flux  would  be  insufficient  alone  to  stimulate  benthic  algal  growth 
to  bloom  conditions.  However,  if  high  particulate  fall-out  occurred  in 
spring  months  (as  in  high  flows  or  heavy  phy topi ankton  blooms),  one  might 
expect  nutrient  regeneration  rates  to  increase  as  bacteria  degraded  this 
organic  material  in  the  sediments.  Nixon  and  Pilson  (1983)  have  shown  a 
strong  relationship  between  primary  production  and  organic  input  to  estuarine 
sediments  and  resulting  benthic  remineral ization.  Thus,  nutrient  flux  in  the 
northern  reach  may  be  considerably  higher  due  to  greater  organic  matter  input 
during  spring  months.  If  suitable  hydrographic  conditions  occur  in  summer 
within  San  Pablo  Bay,  benthic  algal  blooms  could  occur  supported  by  the 
nutrients  in  the  water  column  and  from  benthic  remineral i zation.  Nuisance 
blooms  in  other  estuaries  have  been  shown  to  be  supported  by  benthic  nutrient 
fluxes    (Sewell     1982). 

Ca  se  llistor2esj_  Ulict  s  of  nutri  en  t  loadj^n^  on  estuarine  vegetat  ion  2n 
estuaries 

Peel-Harvey  estuarine   system,    Western  Australia 

Nuisance  algal  blooms  in  the  Peel-Harvey  estuarine  system  of  western 
Australia  began  occurring  more  frequently  after  1966  (McComb  et  al.  1981). 
The  algae  which  underwent  the  largest  increase  in  biomass  was  a  green  alga, 
Cladophora  albida.  The  alga  forms  small  spheres  of  radiating  branched  fila- 
ments which  rise  to  the  surface  of  the  water  as  they  photosynthesize  and 
which  are  driven  by  wind-induced  currents  towards  the  shore  where  they  may 
foul    sandy  beaches   or  accumulate    in    large    banks. 

The  Peel-Harvey  system  is  fed  by  three  rivers,  the  flow  of  which  is 
highly  seasonal  because  of  the  mediterranean  climate;  90  percent  of  river 
flow  reaches  the  estuary  in  the  four  winter  months,  June  to  September.  The 
estuary  is  divided  into  two  basins  of  similar  volume:  Peel  (6100  hectares) 
and  Harvey  (5600  hectares).  The  basins  are  shallow  having  an  average  depth  of 
1  m.  Of  the  three  major  rivers,  the  Murray  River  is  the  largest  and  contri- 
butes a  volume  of  water  equivalent  to  about  four  times  that  of  the  Peel 
basin.  The  Serpentine  River  also  enters  the  Peel  basin  and  contributes  about 
16  percent  of  the  annual  inflow  compared  to  54  percent  for  the  Murray.  The 
Harvey  River  has  been  dammed,  and  the  lower  reaches  drain  irrigated  pasture. 
Total  contribution  of  inflow  from  the  Harvey  River  is  30  percent.  During  the 
rainy  season,  salinity  is  lowered  to  between  10  and  20  ppt  and  rises  to  over 
35   ppt    during   the    dry   season. 

Nutrient  input  from  river  inflow  is  greatest  during  the  winter.  During 
much  of  the  year  nitrate  and  nitrite  levels  are  less  than  2  ug/1  but  rise  to 
over  2  mg/ 1  during  the  winter  rainy  season.  The  greatest  nutrient  input 
occurs  in  the  Harvey  basin  and  results  in  higher  levels  of  total  nitrogen 
and  phosphorus  (770  and  94  ug/1,  respectively)  compared  to  the  Peel  basin 
(488  and  35  ug/1,  respectively).  In  addition,  turbidity  is  greater  in  the 
Harvey  basin  with  attenuation  coefficients  of  0.61/m  compared  to  0.45/m  for 
the    Peel    basin. 

Phytop  lankton  biomass  (chl  a)  is  higher  in  the  Harvey  basin  than  the 
Peel  basin  (Figure  7).  The  dominant  planktonic  organism  was  the  diatom, 
Rh  vzoso_[en  j_a.  The  phytoplankton  from  the  Peel  were  physiologically  less 
efficient  than  those  from  the  Harvey  under  the  same  light  and  temperature 
conditions.      McComb  et  al    (1981)   conclude  that   the    lower   phytoplankton   stand- 
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Figure  7-     Top:     Distribution  of  chlorophyll   in  the  Peel-Harvey  estuary, 
Australia  during  September  (spring).     Darker  areas  represent  higher  con- 
centration.    Bottom:     Distribution  of  Cladophora  albida  during  March   (late 
summer).     Darker  areas  represent  greater  biomass. 


22 


ing  crops    in   the    Peel    were    due   to    lower   nutrient    levels,     not    higher   grazing 
rates    or   flushing    rates. 

On  the  other  hand,  Cladophora  biomass  was  always  consistently  higher  in 
the  Peel  basin  than  the  Harvey  (Figure  7).  The  alga  accumulated  in  three 
shallow  regions  with  a  total  estimated  biomass  of  20,000  metric  tons  dry 
weight.  Cladophora  biomass  was  maximal  during  the  summer  when  irradiance  and 
temperatures  were  highest.  The  major  nutrient  input  to  the  system  occurs  in 
winter,  during  high  river  flow,  and  so  a  mechanism  for  the  possible  storage 
or  release  of  nutrients  may  be  present.  Most  of  the  nutrients  for  the  summer 
growth  of  Cladophora  are  assumed  to  be  derived  from  benthic  remineral ization. 
In  the  Peel-Harvey  system,  nitrogen  appears  to  be  the  limiting  nutrient  in 
low  flow  period  when  macroalgae  are  highest  and  that  phosphorus  is  limiting 
in  winter  when  phytoplankton  blooms  are  occurring.  Sewell  (1982)  found  that 
groundwater  enriched  with  nutrients  from  a  previous  sanitary  dumpsite  entered 
the  estuary  via  a  sandy  aquifer  in  the  same  region  where  Cladophora  was  found 
in    large    quantities. 

Thus,  nutrient  addition  in  the  Harvey  basin  from  agricultural  runoff 
resulted  in  an  increase  in  phytoplankton  growth.  The  greater  turbidity  of 
the  inflow  into  the  Harvey  basin  and  the  high  phytoplankton  biomass  itself 
decreased  light  penetration.  The  less  turbid  Peel  basin  had  lower  nutrient 
levels  overall,  but  responded  to  benthic  nutrient  flow  through  increased 
benthic  algal  biomass.  This  case  history  illustrates  the  close  coupling 
between  light  attenuation  in  the  water  column  and  the  resulting  biostimula- 
tion   of   either   phytoplankton   or  benthic  macroalgae   by   additional    nutrients. 

Chesapeake  Bay,    United  States 

The  Chesapeake  Bay  has  been  the  focus  of  an  intensive  research  program 
funded  by  the  Environmental  Protection  Agency  over  the  past  six  years.  This 
study  focused  on  three  principal  problems  in  the  Chesapeake  Bay:  the  presence 
of  toxic  substances,  nutrient  enrichment,  and  the  disappearance  of  valuable 
submerged  aquatic  vegetation.  The  latter  two  issues  are  germain  to  the 
growth  of  macroalgae  within   San   Francisco  and   Suisun   Bays, 

A  marked  decline  of  submerged  aquatic  vegetation  in  the  upper  reaches  of 
the  Chesapeake  has  occurred  since  the  mid-1960's  particularly  along  the 
western,  more  populated  shoreline.  In  referring  to  submerged  aquatic  vegeta- 
tion, most  of  the  species  are  brackish  water  vascular  plants,  although  some 
reference  is  made  to  macroalgae.  The  species  studied  in  this  program  in- 
cluded: Na.las  guadalupensis  (bushy  pondweed),  Ceratophyl  1um  demersum  (coon- 
tail),  Vallisneria  americana  (wild  celery),  Ruppia  maritima  (widgeon  grass), 
'lyUioEliyily.ni  spicatum  (Eurasian  watermi  If oi  1  ),  and  various  species  of 
Potamogeton  (pond  weed).  Between  regions  of  Chesapeake  Bay,  salinity  appears 
to  be  the  most  important  factor  in  controlling  the  distribution  of  various 
species.  Within  a  region  or  area  defined  by  salinity  levels,  sediment  compo- 
sition  and    light   regime    are   the    most    important    factors   affecting    occurrence. 

Declines  in  submerged  vegetation  parallel  historical  increases  in 
nutrients  and  chlorophyll  a  concentrations  in  the  upper  bay  and  major 
tributaries  that  occurred  first  in  freshwater  parts  and  have  now  moved  "down- 
river". Many  of  the  benthic  plants  are  growing  near  the  lower  limits  of 
light  availability.  Nutrient  loading  in  Chesapeake  Bay  has  resulted  in 
greater  growth   of   phytoplankton   which    has    further   decreased    available    light 
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to  benthic  vegetation. 

In  establishing  management  criteria  for  the  Chesapeake  Bay,  the  EPA 
(1983)  has  developed  a  classification  scheme  for  various  impacts  given  dif- 
ferent levels  of  nutrient  loading.  When  total  nitrogen  and  total  phosphorus 
levels  are  below  0.6  and  0.08  mg/1  respectively,  benthic  vegetation  diversity 
is  high.  At  levels  between  1.1-1.8  mg/1  TN  and  0.15-0.20  mg/1  TP,  there  is  a 
significant  reduction  in  submerged  aquatic  vegetation.  These  criteria  are 
based  on  empirical  data  which  show  serious  declines  in  benthic  vegetation  in 
the  Patuxent,  Potomac,  and  Back  Rivers  and  the  Upper  Main  Bay. 

In  addition  to  impacts  of  nutrient  enrichment,  the  effects  of  herbicides 
were  also  studied  (US  EPA  1982).  The  four  most  heavily  used  compounds  in  the 
bay  are  atrazine,  alachlor,  linuron,  and  simazine.  Their  use  has  increased 
substantially  since  1965  and-  can  be  measured  in  drainage  from  agricultural 
areas.  For  all  plants  tested,  herbicide  concentrations  exceeding  10  ppb 
decreased  photosynthetic  rates  by  20%  or  more.  Concentrations  exceeding  100 
ppb,  generally  decreased  photosynthesis  by  over  50%  as  compared  to  controls. 
Nevertheless,  except  in  small  streams  draining  agricultural  areas,  herbicide 
concentrations  rarely  exceeded  20  ppb  and  were  usually  much  less  that  5  ppb. 
The  EPA  report  concludes  that  herbicide  concentrations  in  the  estuary  prob- 
ably have  a  minimal  effect  on  the  submerged  aquatic  vegetation,  and  are  not, 
alone,  responsible  for  the  drastic  decline  observed. 

Thus,  for  Chesapeake  Bay,  increased  nutrient  loading  resulted  in  greater 
phytoplankton  growth  which  further  decreased  light  availability  to  benthic 
plants.  Herbicide  concentrations  did  not  reach  sufficient  levels  to  be  of 
major  concern. 
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SUMMARY  OF  METHODOLOGY 

£i^d^  work: 

stations    were  established  v/ithin   Suisun   Bay  to  determine  macroalgal 
r  /\_.-^i    c__^^    L...    ^r^n->    / 1-  on        j^    addition,     five    shore- 
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to 
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The  five  stations  in  Suisun  Bay  consisted  of  poles  with  attached  wooden 
fouling  plates  (5  x  7.5  cm).  The  plates  were  located  at  three  depths:  near 
bottom;  1  m  off  the  bottom;  and  2  m  above  the  bottom.  In  most  cases,  the 
topmost  set  of  plates  was  located  at  approximately  MHW,  The  plates  were 
tested  at  the  Tiburon  Center  for  Environmental  Studies  and  were  found  to  be 
colonized  by  annual  species  of  macroalgae  within  a  period  of  three  weeks. 
Plates  were  removed  monthly  on  a  rotating  basis.  Two  plates  out  of  four  at 
each  level  were  removed;  therefore  each  set  were  in  the  bay  for  8  weeks 
before  removal.  Total  percent  cover  of  fouling  organisms  were  determined  for 
each   set  using   photographic   and   microscopic   methods. 

Temperature,  salinity  (conductivity),  and  light  extinction  measurements 
were  taken  at  each  station.  Additional  field  data  collected  by  the  US  Bureau 
of   Reclamation  were  also   used  to  complete  the  data   set. 

Laboratory   bioassays: 

Laboratory  bioassays  were  conducted  using  several  species  of  macroalgae 
collected  from  northern  San  Francisco  Bay  and  Suisun  Bay  (Table  2).  Each 
species  was  maintained  in  stock  cultures  at  several  salinity  levels  to 
provide  acclimated  test  organisms.  All  were  grown  in  synthetic  seawater  with 
standard  nutrient  additions.  Antibiotics  and  a  diatom  suppressant  (GeO^) 
were  used   to   maintain   unialgal    cultures. 

A  number  of  preliminary  experiments  were  run  to  test  various  culture 
media,  determine  optimal  growth  periods  and  nutrient  levels,  use  various 
techniques  for  growth  measurement,  and  make  dry  runs  of  experiments  before 
initiating  full  scale  runs.  These  preliminary  experiments  are  listing  in 
Appendix   I. 

Batch  culture  experiments  were  all  conducted  at  17-19°C,  325-375 
uein/mVsec,  and  14  hours  light:10  hours  dark  cycle.  A  description  of  the 
light  table  apparatus  with  a  figure  of  the  measured  light  levels  is  given  in 
Appendix  II.  Light  levels  were  determined  to  be  saturating  for  the  species 
tested.  Duration  of  bioassay  tests  ranged  from  7-10  days  for  rapidly  growing 
species,  je^  Chaetomorpha.  and  35-40  days  for  slower  species.  During  longer 
experiments,  culture  media  at  selected  test  levels  was  changed  every  two 
weeks.  Prel  im  inary  experi  ments  using  synthetic  seawater  with  Provasoli's 
enrichment  media  did  not  exhibit  discernable  nutrient  depletion  over  this 
period.  However,  algal  growth  experiments  using  bay  water  may  have  been 
limited  by  depletion   of   nutrients   over  the   two  week  period  because   additional 
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Figure  8:  Map  of  Suisun  Bay  with  macroalgal  sampling 
stations.  Solid  circles  represent  sites  with  fouling 
plates.  Open  spaces  are  qualitative  sampling  locations. 
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nitrate  and   phosphorus  were   not   added   as    in  synthetic   seawater  experiments. 

The  bioassay  tests  were  conducted  at  4  test  salinities,  3  drain  water 
concentrations,  and  a  control.  The  test  salinities  were:  1.5,10,  and  20  ppt. 
Tests  were  made  with  both  synthetic  seawater  and  filtered  bay  water  at  the 
selected  test  salinities.  The  drain  water  concentrations  were:  0.5,2.0.  and 
10%.  San  Luis  Drain  Water  (SLOW)  was  supplied  by  the  US  Bureau  of  Reclama- 
tion from  field  sites  and  the  mixture  tank  at  the  Pittsburg  laboratory.  The 
dates  on  which  SLOW  was  collected  from  the  Pittsburg  laboratory  were:  ******_ 
Chemical  analyses  of  the  water  were  performed  by  the  US  Bureau  of  Reclamation 
laboratory  in  Sacramento.  Before  use  in  the  bi  oassay  exper  i  ments,  it  was 
filter-sterilized  by  passage  through  a  0.45  u  Millipore  filter  and  stored 
under   refrigeration. 

Test  solutions  were  prepared  by  adding  SLOW  to  distilled  water  at  the 
concentrations  desired.  Synthetic  seawater  salts  were  then  added  to  bring 
salinities  to  desired  levels.  Bay  water  was  obtained  at  locations  between 
Pittsburg  and  Tiburon  where  the  appropriate  test  salinity  occurred  during  an 
outflowing  tide.  Seawater  salts  were  added  only  as  necessary  to  maintain 
original  salinities  after  addition  of  drain  water.  Both  synthetic  seawater 
and  bay  water  were  enriched  with  the  macro-  and  micro-nutrients  in  the 
quantity  and  type  specified  by  Provasoli  (1968).  This  formulation  included 
vitamins  and  trace  metal  mixtures.  A  few  bay  water  media  experiments  were 
run  without  this  enrichment.  For  the  synthetic  seawater  experiments,  nitrate 
and  phosphorus  levels  were  varied  to  more  closely  resemble  bay  water  concen- 
trations as  determined  by  Conomos  et  aj^  ( 1  979).  These  concentrations  are 
NH3-N:  5.0  ug  at/1;  N03-N:  14.0  ug  at/1;  P04-P:  4.0  ug  at/1.  No  nitrogen  or 
phosphorus  enrichments  were  added  to  bay  water  bioassays.  Samples  for  nu- 
trient analysis  were  taken  at  the  beginning  and  end  of  each  experimental  run. 
Due  to  delays  in  analysis  of  samples  delivered  to  the  Bureau  of  Reclamation, 
e   sample   results  may  have  changed  due  to  storage  conditions. 
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Experiments  were  initiated  by  adding  similar  lengths  or  quantities  of 
algae  to  each  test  solution.  Standard  initial  lengths  were  usually  1  cm  and 
percent  cover  less  than  5%.  Two  to  three  replicates  were  placed  in  each  dish 
and  two  dishes/test  solution  were  placed  on  the  light  table.  Dishes  were 
randomly  placed  on  the  shelf  to  reduce  position  effects.  Growth  responses 
were  recorded  as  noted  in  Table  2.  A  more  detailed  description  of  growth 
measurement  techniques  is  given  in  Appendix  III.  Results  are  expressed  as 
final  length,  final  dry  weight,  percent  cover,  or  thallus  area  at  the  end  of 
the  experiment.  The  results  were  not  expressed  as  growth  rates  as  the 
purpose  of  the  experiments  was  to  determine  relative  response  of  the  algae  to 
various  drain  water   and    salinity    levels   compared   to   controls. 
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Table  2.     Macroalgal   species  used     in  agricultural   drain  water  bioassays.     Several 
isolates  are  pending  complete   taxonomic   identification.     Stock  cultures 
indicate  salinities  and  conditions  used  to  maintain  algae  used  in  bio- 
assays.    All    isolates  cultured  in  synthetic  seawater  (Instant  Ocean) 
with  modified  Provasoli's  enrichment  solution   (PES).     Method  of  growth 
assessment  indicates  procedures  used  to  measure  responses  to  drain  water 
additions. 


Method  of  growth 


Species 

Type^ 
C 

Isolated 

Tiburon 
Center 

Stock  cultures 
5,10,20  ppt 

Assessment 

Remarks 

Cladophora 
sericea  I 

dry  wt;  percent 
cover 

nuisance 
species 

Cladophora 
sericea  II 

C 

Suisun  Bay 

spring  water, 
5,10  ppt 

dry  wt;   percent 
cover 

common  in 
Suisun 

Chaetomorpha 
linum 

C 

Carquinez 
Straits 

5,10,20  ppt 

increase  in 
length 

rapid  growth 
response 

Enteromorpha 
clathrata 

C 

Tiburon 
Center 

10,20  ppt 

increase  in 
length 

high 
intertidal 

Ce rami  urn 
gardneri 

R 

Tiburon 
Center 

20,30  ppt 

dry  wt;  percent 
cover 

Compsopogon  sp 

R 

Suisun  Bay 

spring  water, 
5  ppt 

dry  wt;  percent 
cover 

^C  =  Chorophyta   (green  algae) 
R  =  Rhodophyta   (red  algae) 
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RESULTS  OF   FIELD  AND  LABORATORY  STUDIES 
Field  work 

Qual itative  observations  were  made  along  the  shore  of  Suisun  Bay  on  a 
bimonthly  basis  from  November  1982  to  April  1983.  Salinities  during  this 
period  remained  at  0  ppt.  Sites  surveyed  included:  repair  docks  for  moth- 
ball fleet,  McAvoy  and  Harris  boat  ramps,  Pittsburg  boat  ramp,  and  Antioch. 
Enteromorpha  clathrata  was  most  frequently  collected  at  all  sites  except  the 
repair  docks  and  Antioch.  Two  species  of  Cladophora  were  collected  infre- 
quently. 

Benthic  trawls  were  taken  at  various  locations  in  Suisun  Bay  in  April 
and    in   July.      No  macroalgae  were  collected   by   this   method. 

Electical  conductivity  during  the  study  period  varied  with  the  delta 
outflow.  The  US  Bureau  of  Reclamation  provided  conductivity  data  (January  to 
August  30,  1983)  for  three  stations  adjacent  to  our  field  study  sites  in 
Suisun  Bay:  Martinez,  Port  Chicago,  and  Pittsburg.  EC  at  Pittsburg  remained 
below  250  umhos/cm  throughout  the  year  until  August  when  they  peaked  at  525. 
Such  low  levels  of  salinity  did  not  support  any  estuarine  macroalgal  growth 
on  fouling  plates,  although  Enteromorpha  clathrata  was  found  growing  in  the 
high  intertidal  at  the  Pittsburg  Marina.  EC  at  Martinez  exhibited  a  greater 
seasonal  fluctuation  and  exceeded  10,000  umhos/cm  in  January  and  following 
the  middle  of  July.  Otherwise,  EC  was  below  7000  during  most  of  the  measure- 
ment period  and  below  1000  from  late  January  to  mid  April.  Water  tempera- 
tures at  the  study  sites  during  the  summer  ranged  between  23  to  26  oC.  Light 
extinction  coefficients  were  extremely  variable  during  the  study  period  and 
generally  ranged  between  1.4  to  3.5/m.  Greatest  turbidity  occurred  in  the 
western  portion  of  Suisun  Bay.  During  previous  summers  in  San  Pablo  Bay, 
extinction  coefficients  generally  are  below  1.0/m  depending  on  weather  condi- 
tions (West  and  Josselyn  1982,  1983).  Greatest  turbidity  usually  occurs  in 
the  Carquinez  Straits  area  where  the  null  zone  has  been  located  during  recent 
summer  flow  conditions. 

Fouling  plates  were  first  placed  in  Suisun  Bay  on  May  6,  1983.  Plates 
were  collected  monthly  and  the  percent  cover  by  macrophytes  determined  under 
a  dissecting  microscope.  The  results  from  the  fouling  plates  were  similar  to 
shore-line  observations  (Table  3).  Four  stations  yielded  monthly  results; 
the  station  at  Pittsburg  was  repeatedly  lost  or  vandalized  and  no  data  are 
available   for    that    site. 

Filamentous  diatoms  (Mel os  ira  sp)  and  pennate  forms  associated  with 
adhering  mud  comprised  the  most  frequently  encountered  algae  on  the  fouling 
plates.  Filamentous  blue-green  algae  (Qsci  1  latoria)  were  more  abundant  in 
July  and  August.  Attached  Enteromorpha,  Monostroma,  and  C2ado£hora  were 
observed  nearby  the  fouling  plates.  This  suggests  that  the  plates  did  not 
favor  macroalgal  colonization;  however,  plates  set  out  at  the  Tiburon  Center 
were  covered  by  Enteromorpha  and  Ul va  within  4  weeks.  The  large  amount  of 
mud  which  adhered  to  plates  in  Suisun  Bay  may  have  favored  diatoms  and  blue- 
greens.      Nevertheless,    the   occurrence    of   macroalgae    in    Suisun    Bay   was    extre- 


m 


ely  limited  during  the  1983  summer. 
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Table  3:  Results  of  fouling  plate  experiments  at  stations  in  Suisun  Bay.  Initial 
establishment  on  5/4/83.  Order  of  initials  indicate  greater  to  lower 
percent  cover  for  each  constituent.  X:  no  plates  or  plates  lost; 
-:  no  attached  algae;  Df;  diatoms,  filamentous;  Dp:  diatoms,  pennate; 
E:  Enteromorpha;  C:  Cladophora;  Cm:  Compsopogon;  M:  Mud;  BG:  blue- 
green  algae 


Station 


5/27/83    6/15/83    7/15/83 


8/24/83 


Benicia  Bridge 

Top 

- 

BG,Dp,  E 

M,Dp 

Mid 

- 

- 

- 

Df 

Bottom 

- 

Df 

BG.Dp 

Df,BG 

Hastings  Slough 

Top 

- 

- 

BG.Df 

BG,Df 

Mid 

Df,M 

BG,Df 

Df,BG 

Df,BG 

Bottom 

Df,M,E 

M,Dp 

Df,Cm 

Df.BG 

Roe  Island 

Top 

- 

- 

BG.Dp 

BG,Df 

Mid 

Df.M 

BG 

Dp,BG 

BG,M,Dp 

Bottom 

Df.M 

M,Dp 

Df 

Df 

Middle  Ground 

Top 

- 

- 

Dp,BG,E 

Dp,BG 

Mid 

- 

BG 

BG,Dp 

Dp,BG 

Bottom 

- 

M,Dp 

Df,B6,E 

Dp.M 

Pittsburg 

Top 

X 

X 

X 

X 

Mid 

X 

X 

X 

X 

Bottom 

X 

X 

X 

X 
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Laboratory  bloassays 

The   results   for   the   various  bioassay  experiments   are  given  in  Appendix 
IV  and   in  Figures  9-14.      A  summary  of  the  statistical   results    is  given  in 
Table  4.      The    results   for  each  species  are  discussed  below. 

Chaetasnorpha  liiirnua:  This  alga  was  selected  for  testing  due  to  its  rapid  and 
easily  replicated  growth  rate.  It  was  isolated  from  rocks  in  Carquinez 
Straits  near  Crockett.  It  is  also  found  near  the  Tiburon  Center  and  at  the 
Golden  Gate.  It,  therefore,  represents  a  euryhaline  species  common  within 
the  bay.  It  is  not  a  nuisance  species;  however,  it  grows  at  locations  where 
previous   nuisance    blooms   have  occurred. 

In  synthetic  seawater,  0.  linum  had  maximum  growth  at  lOppt/10%  SLOW  and 
minimal  growth  at  1  ppt/2.0%  SLOW.  It  died  at  Ippt/control  and  0.5%  SLOW.  At 
5ppt,  addition  of  10%  SLOW  doubled  the  growth  rate  over  the  control  and  lower 
SLOW  concentrations.  At  10  ppt,  all  SLOW  concentrations  increased  the  growth 
rate.  Statistically,  all  salinity  levels  and  all  SLOW  concentrations  were 
significantly  different  from   one    another. 

In  bay  water  tests,  C.  1  i  num  died  in  all  SLOW  concentrations  at  1  ppt. 
Maximum  growth  rates  occurred  at  20  ppt  and  minimal  rates  at  5  ppt.  SLOW 
concentrations   had    little  effect   on  growth   rates  within   each   salinity   level. 

Cladopftnora  sericea:  This  species  has  been  implicated  in  previous  nuisance 
blooms  in  San  Pablo  Bay,  especially  during  1979.  Since  that  time,  it  has  not 
reached  nuisance  proportions,  although  it  is  frequently  observed  attached  to 
rocks.  During  1981  and  1982,  it  was  abundant  around  the  Tiburon  pennisula. 
Two  measures  were  used  to  determine  growth  response:  increase  in  dry  weight 
and  percent  cover.  The  latter  method  involved  close-up  photography  of 
replicates  after  the  growth  period  and  determining  percent  cover  by  a  point 
intersect   method. 

In  synthetic  seawater,  C^  sericea  died  in  all  SLOW  concentrations  at  1 
ppt.  Maximum  growth  occurred  at  20  ppt/10%  SLOW  and  minimal  growth  at  5 
ppt/2.0%  SLOW.  Little  difference  was  noted  in  growth  rates  at  5  and  10  ppt 
for  any  SLOW  concentrations  tested.  Growth  rates  increased  at  20  ppt  at  all 
SLOW  concentrations  and  were  greatest  at  higher  SLOW  concentrations.  Percent 
cover  data  indicated  greater  enhancement  at  10  ppt  than  determined  from  dry 
weight  measures. 

In  bay  water  tests,  C^  sericea  died  in  1  ppt.  Maximum  growth  occurred 
at  10  ppt  and  minimal  growth  at  20  ppt/control.  At  5  ppt,  10%  SLOW  had  a 
stimulatory  effect.  In  dry  weight  measurements,  one  extremely  high  data 
point  accentuated  increased  growth  at  10%  SLOW/  20  ppt.  This  was  not  seen  in 
the  percent  cover  data  suggesting  the  length  measurement  is  erroneous  in  that 
case. 

Two  bay  water  tests  were  run,  one  without  additional  micro-nutrients 
(trace  metals  and  vitamins)  and  one  with  these  elements.  Greater  differences 
in  growth  response  to  drain  water  additions  were  noted  in  bay  water  tests 
with  added  micronutrients  with  significant  differences  at  salinities  above  5 
ppt   for    drain  water  additions  of  2   and   10%. 


31 


Table  4.  Results  from  two-way  analysis  of  variance  for  experiments  using 
final  dry  weight  or  increase  in  length  as  measurement  criteria.  Significant 
differences  determined  ato(".05  level.  Two  hypotheses  were  tested: 
differences  between  various  salinity  levels  (1,  5,  10,  20  ppt)  and  differ- 
ences between  various  SLOW  concentrations  (0,  0.5,  2.0,  \0%) .      Levels  indicated 
in  table  are  those  at  which  the  null  hypothesis  is  rejected. 


Species 


Media 


Differences  in  growth  due  to  changes  in: 


Sal inity 


1 


Drain  water  cone' 


1 .  Enteromorpha  clathrata 

2.  Ceramium  gardneri 

3.  Compsoponon  sp. 

4.  Chaeotomorpha  linum 

5.  Cladophora  sericea 


synthetic 
bay  water 

synthetic 


bay  water 

synthetic 

synthetic 
bay  water 

synthetic 
bay  water 

non-enriched 
bay  water 


6.  Cladophora  sericea  II    synthetic 

bay  water 

non-enriched 
bay  water 


None 

All  SLOW  cone, 

At  0.5,  2.0, 
and  10%  SLOW 


At  5  and  20  ppt 
At  1  and  5  ppt 

At  5,  10,  20  ppt 
At  10,  20  ppt 


All  SLOW  cone. 

At  control  cone.  At  5  ppt 


All  SLOW  cone. 
All  SLOW  cone. 

All  SLOW  cone. 
All  SLOW  cone. 

At  10"^  SLOW 


All  salinity  levels 
None 

At  20  opt 
At  10  ppt 

At  5  ppt 


At  2.0 

and  10%  SLOW 

All  SLOW  cone. 

All  SLOW  cone.   None 


At  5,  10  ppt 
At  10  ppt 


Null  hypothesis:  For  each  SLOW  concentration,  there  is  no  difference  in 
relative  growth  between  salinities. 

2 
Null  hypothesis:  At  each  salinity  level,  there  is  no  difference  in  relative 

growth  between  drain  water  concentrations. 
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Chaetomorpha  linum    Medium:  Synthetic 
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Figure  9.  Increases  in  length  for  Chaetomorpha  linum 
grown  at  various  salinities  and  drain  water  concentrations. 
Symbols:  (•)-control  ;  ^)-^.VL   SLOW;  {O)-2.0%  SLOW;  (D)-10%  SLOW 
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Cladophora  sericea  Medium:     Synthetic 
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Figure   10.      Left  side:    Final    dry  weight   for  Cladophora  sericea   in  enriched 

synthetic,  enriched  bay  water,   and  non-enriched  bay  water RTnht  sidP- 

Percent  cover  of  algal   thallus  at  end  of  experiment. 

Symbols:    (•)-control;    (■)-0.5%  SLOW;    (O)-2.0%  SLOW;    (D)-10%  SLOW 
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Cladoipllnora  sericea  IH:  This  species  was  isolated  from  collections  in  Suisun 
Bay  where  it  becomes  entangled  on  structures  and  bulrush  stems.  It  is  more 
finely  branched  than  the  San  Pablo  Bay  C^  seri  cea,  but  otherwise  has  many 
similar   taxonomic   characteristics.      Further  taxonomic  work    is   being   pursued. 

In  synthetic  seawater,  C.  seri  cea  II  g  rew  in  all  salinities  and  SLOW 
concentrations.  Maximum  growth  occurred  at  5ppt/10%  SLOW  and  minimal  growth 
at  1  ppt/control.  Concentrations  of  SLOW  had  a  stimulatory  effect  within  the 
5   and    10   ppt    test   salinities. 

In  bay  water  without  micronutr ient  enrichment,  no  measurable  growth 
(plants  remained  alive  and  appeared  normal)  was  recorded  at  1  or  20  ppt. 
Although  growth  rates  increased  at  5  and  10  ppt,  no  trends  were  observed  that 
could  be  interpreted  as  due  to  SLOW  concentrations.  In  bay  water  with  micro- 
nutrients  added,  growth  as  measured  by  dry  weight  increase  was  greatest  at  10 
ppt.  Significant  biostimulation  was  observed  at  2  and  10%  drain  water  addi- 
tions for  10  and  20  ppt.  Percent  cover  data  showed  no  significant  differ- 
ences. This  is  partially  due  to  the  very  fine  branching  pattern  of 
Cladophora  sericea  II  which  was  difficult  to  count  in  the  photographic  method 
used    for    percent    cover. 

EnteromnDrphai  cHathrata:  This  alga  is  common  in  the  high  intertidal  through- 
out northern  San  Francisco  Bay  and  Suisun  Bay.  It  is  very  euryhaline.  It 
was  selected  as  a  test  organism  due  to  its  nearly  year-round  presence  in 
Suisun   Bay,    especially  on   rocky   substrates    and   pilings. 

Growth  occurred  at  all  salinities  and  SLOW  concentrations  tested.  In 
the  enriched  synthetic  media,  maximum  growth  occurred  at  5  ppt/10%  SLOW  and 
minimal  growth  at  20  ppt/10%  SLOW.  There  were  statistically  significant 
differences  in  growth  between  drain  concentrations  at  5  and  20  ppt.  At  these 
salinities,    increasing   drain  water  concentrations    resulted    in   reduced  growth. 

In  the  enriched  bay  water  media,  area  was  used  rather  than  length  to 
record  growth.  Specimens  did  not  exhibit  any  significant  increase  in  length 
in  this  experiment,  but  did  increase  in  width.  Area  increases  were  greatest 
at  the  lower  salinities  and  lower  growth  was  observed  at  higher  salinities  as 
in  the  synthetic  seawater  experiments.  A  significant  decline  in  growth  was 
observed  for  5  ppt/2%  SLOW  in  both  bay  water  and  synthetic  media.  10%  SLOW 
exhibited   significant   biostimulation   at   1    and   5    ppt. 

Canpsarpcgoo  sp:  This  red  alga  is  common  in  Suisun  Bay,  entangled  on  pilings 
and  bulrushes.  It  is  a  member  of  the  Rhodophyta  (red  algae)  but  generally 
appears  either  violet  or  green  in  color.  It  is  not  found  in  the  more  saline 
portions  of  western  Suisun  Bay  or  San  Pablo  Bay.  Only  synthetic  seawater  was 
tested    for  this    species. 

Contrary  to  its  field  distribution,  growth  occurred  at  all  salinities 
tested.  Maximum  growth  occurred  at  5ppt/control  and  minimal  growth  at  1 
ppt/control  and  2.0%  SLOW.  There  were  statistically  discernable  differences 
in  growth  rates  at  various  salinities  within  the  control  and  among  SLOW 
concentrations  at  5  ppt.  Growth  was  depressed  at  higher  drain  water 
concentrations  compared   to   the   control    at  5  and   20  ppt. 

CeraBiuini  gardimerii:  This  red  alga  is  common  in  the  central  and  southern 
portions  of  San   Francisco   Bay   where    it   grows   attached   to   rocks.      It   was 
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Cladophora  sericea   II  Medium:     Synthetic 
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Cladophora  sericea   II  Medium:     Bay  Water 
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Fioure  11.     Left  side:     Final   dry  weiqht  for  Cladophora  sericea  II 
(isolated  from  Suisun  Bay)   for  enriched  synthetic,  enriched  by  water 
and  non-enriched  bay  water.     Right  side:   Final   percent  cover  of  alqal   thallus, 
Symbols:    (•)-control  ;    (■)-0.5%  SLOW;    (O)-2.0%  SLOW;   (a)-10%  SLOW 
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Enteromorpha  clathrata  Medium:     Synthetic 
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Figure  12.     Top:     Final   length  of  algal   thallus  in  enriched 
synthetic  seawater.     Bottom:     Increase  in  area  of  algal 
thallus  in  enriched  bay  water. 

Symbols:    (•)-control ;    (■)-0.5%  SLOW;    (O) -2.0%  SLOW:    p)-10%  SLOW 
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Compsopogon  sp. 


Medium:     Synthetic 
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Figure   13.         Left:  Final   dry  weight  for  Compsopogon  in  enriched 
synthetic  seawater.    Right:     Percent  cover  of  algal   thai! us  at  end 
of  experiment. 
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chosen  as  an  analog  to  Polyslphonia  denudata,  a  red  alga  implicated  in  past 
nuisance  blooms  in  the  south  bay.  This  latter  species  could  not  be 
successfully  grown    in   the    laboratory. 

In  synthetic  seawater,  C^  ^rdnerl  died  at  1  and  5  ppt,  except  for  5 
ppt/10%  SLOW.  It  reached  maximum  growth  at  20  ppt/10%  SLOW  and  minimal 
growth  at  10  ppt/control.  At  both  10  and  20  ppt,  all  concentrations  of  SLOW 
stimulated  growth. 

In  enriched  bay  water.  C^  gardneri  died  at  1  ppt  and  10  ppt/10%  SLOW. 
Maximum  growth  occurred  at  20  ppt/10%  SLOW  and  minimal  growth  at  5  ppt/2.0% 
SLOW.  There  was  a  statistically  significant  trend  for  increased  growth  at 
higher   salinities   and   among  drain   concentrations   at   10   and   20    ppt. 

OVERALL,  the  species  of  algae  collected  from  the  more  saline  environ- 
ments of  San  Francisco  Bay  exhibited  biosti mulation  at  higher  concentrations 
of  drain  water.  Two  species  collected  from  Suisun  Bay,  Enteromorpha 
clathrata  and  Compsopogon  sp.  exhi  bi  ted  growth  reduction  at  higher  drain 
water  concentrations  at  some  salinities  and  biosti mulation  at  other  salini- 
ties. The  most  obvious  differences  were  observed  in  the  synthetic  seawater 
media. 
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Cerami  um  gardneri 


Medium:     Synthetic 
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Figure   14.     Leftside:     Final   dry  weight  of  algal   thallus  in  enriched 
synthetic  and  enriched  bay  water.     Right:     Final   percent  cover  of  algal 
thallus. 

Symbols:    {•)-control  •,    (■)-0.5%  SLOW;    (0)-2.a%  SLOW;    (D)-10%  SLOW 
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DISCUSSION  OF   FIELD  AND  LABORATORY  RESULTS 

Field  observations  confirm  the  results  from  previous  distributional 
studies  of  macroalgae  in  San  Francisco  Bay.  The  diversity  of  marine  and 
estuarine  macroalgae  decrease  significantly  landward  of  the  central  bay.  At 
Pt.  Pinole,  only  32  macroalgal  species  have  been  collected  compared  to  58  at 
the  Tiburon  pennisula.  The  total  is  reduced  to  5  species  at  Martinez,  the 
western  end  of  Suisun  Bay.  The  total  collected  in  Suisun  Bay  during  the 
study  period  was  four.  Based  upon  studies  conducted  in  other  estuaries, 
turbidity  and  low  salinity  reduce  the  number  of  species  located  near  the  head 
of  the  estuary.  Nutrient  loading  may  change  the  type  of  algae  present,  ie., 
estuarine  macroalgae,  filamentous  diatoms,  or  blue-green  algae.  However, 
species  number  will  remain  low  as  only  a  few  algae  c^  tolerate  the  low  and 
highly  fluctuating  salinities  in  this  region.  Most  are  located  in  the  region 
between  MTL  and  MHW  due  to  the  high  turbidity  which  limits  photosyntheti  c 
activity  at    lower  depths. 

The  primary  constituents  added  to  Suisun  Bay  via  the  proposed  drain  will 
be:  salts  (TDS),  nitrate,  metals,  and  residual  organic  compounds.  The  two 
constituents  of  primary  concern  as  to  their  impact  on  macroalgal  growth  are 
salts  and  nitrate.  Increased  salinity  may  cause  an  increase  in  species 
number.  The  increase  in  salinity  within  Suisun  Bay  would  have  to  be  within 
the  order  of  10  ppt  to  reach  the  species  diversity  observed  at  Pt.  Pinole. 
This  increase  is  unlikely  under  the  projected  discharge  into  Suisun  Bay,  On 
the  other  hand,  more  brackish  water  species  such  as  Entermorpha  clathrata  and 
Cladophora  sericea  II  do  exhibit  enhanced  growth  at  relative  low  salinities 
(0-5  ppt).  If  other  conditions  (light,  temperature,  nutrients)  are  suitable, 
relatively  low  increases  in  salinity  may  result  in  greater  biomass  of  these 
species.  Nitrate  levels  can  stimulate  growth  given  suitable  light  levels. 
Two  species  isolated  from  Suisun  Bay  (Cladophora  sericea  II  and  Enteromorpha 
clathrata)  did  exhibit  biostimulation  in  growth  due  to  increased  concentra- 
tions of  drain  water.  The  other  species  (Compsopogon  sp)  did  not  show  any 
discernible  growth   enhancement  due   to   SLOW   addition. 

Turbidity  resulting  from  suspended  sediments  and  phytoplankton  growth 
will  restrict  macroalgal  growth  to  the  high  intertidal.  Most  mudflats  in 
Suisun  Bay  are  below  MTL  and,  therefore,  unlikely  to  support  macroalgal 
growth  as  on  mudflats  in  the  central  bay.  The  high  intertidal  is  occupied  by 
diked  lands  or  intertidal  marsh  vegetation.  Shading  by  these  macrophytes 
will  limit  algal  growth  within  marshes.  Thus,  it  is  unlikely  that  drain 
water  inflow  will  cause  any  substantial  increase  in  macroalgal  growth  within 
Suisun  Bay  despite  biosti mulatory  effects  in  laboratory  culture.  However,  a 
major  change  in  water  clarity  could  result  in  greater  estuarine  macroalgal 
growth    in   Suisun    Bay. 

The  main  concern,  therefore,  is  the  downstream  effects  of  drain  water 
additions,  particularly  within  San  Pablo  Bay.  This  region  is  more  critical 
in  terms  of  the  potential  for  macroalgal  blooms.  Periods  of  low  delta  inflow 
can  result  in  high  salinity  and  low  turbiditywithin  San  Pablo  Bay;  condi- 
tions   which    can    promote    nuisance    blooms.       Under    usual    seasonal     conditions. 
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highest  salinities  and  lowest  turbidity  is  reached  in  the  summer.  Additional 
nutrients  during  this  period  are  likely  to  support  algal  growth,  either 
phytoplankton  or  macroalgae. 

This  response  was  observed  in  bioassay  tests  with  the  macroalgae  found 
within  San  Pablo  and  central  bays  (Chaetomorpha  1 inum,  Cladophora  sericea, 
and  Ceram  ium  ^ardnerj^).  In  all  cases,  increasing  salinity  and  increasing 
SLOW  concentrations  resulted  in  greater  growth.  In  the  bay,  however,  drain 
water  will  be  diluted  considerably  more  than  10  %  by  the  time  it  reaches  San 
Pablo  Bay.  Therefore,  it  is  more  appropriate  to  examine  the  lower  dilutions 
of  SLOW  at  the  higher  salinities.  For  example,  at  a  region  where  salinity  is 
10  ppt  in  the  summer  (Carquinez  Straits),  drain  water  concentrations  may  only 
reach  a  maximum  of  2.0%  at  low  flow  periods  and  at  the  20  ppt  region,  may 
only  reach  0.5%  dilution  as  a  maximum.  Therefore,  the  potential  for  bio- 
stimulation  is  much  less  dueto  the  dilution  of  drain  water. 

In  experiments  run  with  bay  water  rather  that  synthetic  seawater,  bio- 
stimulation  was  less  pronounced.  It  is  not  known  exactly  why  the  two  bioasy 
say  methods  should  differ.  Bay  water  may  have  been  more  depleted  in  micro- 
nutrients  than  the  synthetic  media.  This  hypothesis  is  supported  by  the 
differences  noted  between  enriched  and  non-enriched  bay  water  experiments. 
In  most  all  comparisons,  more  significant  differences  were  noted  with 
enriched  (trace  metals  and  vitamins)  bay  water  and  additions  of  drain  water. 
This  suggests  that  some  other  growth  substance  is  limiting  in  bay  water  which 
may  then  be  reflected  in  lower  biostimulation  due  to  the  nutrient  additions 
from  the  drain  water.  One  alternative  would  be  to  grow  macroalgae  in  chemo- 
stat  culture  (continuous  growth  media  renewal)  rather  than  batch  culture  as 
was  done  in  this  study. 

Overall,  the  data  collected  and  analyses  completed-to-date  indicate  that 
agricultural  drain  water  will  have  minimal  effect  on  estuarine  macroalgae 
within  Suisun  Bay  due  to  overriding,  limiting  physical  factors.  Some  biosti- 
mulatory  effect  on  estuarine  macroalgae  may  occur  within  lower  reaches  of  the 
estuary  depending  on  turbidity  and  dilution  levels  of  the  drain  water. 
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APPENDIX  II 
DESCRIPTION  OF  LIGHT  TABLE  APPARATUS 


3  shelves   (ve  tically  stacked:     45  cm  x  122  cm;  18.5  cm  vertical 
space  between  each  overlying  shelf 

All  shelving  materials  in  white  gloss  enamel 
Ends  of  shelves  partitioned  with  aluminum  foil -covered  particle 
board  to  maximize  reflectance. 

one  122  cm  (48  in)  double  tube  35  watt  fluorescent  fixture 
mounted  length  wise  on  each  side  of  each  shelf 

A  fiberglass  screen  strip,  50  cm  x  22  cm,  with   three  gaps  of 
2.5  cm  -   5  cm  was   draped  vertically  in  the  middle  third  of 
both  fixtures  of  each  shelf  to  diffuse  lighting  to  a  more 
uniform  level   of  illumination  along  the  entire  length  of  each 
fixture   (i.e.    -   325-375  uein/m^/sec) 

Light:     dark  periods  maintained  with  the  use  of  timers. 

Light  table  apparatus  housed  in  a  8  ft.   x  8  ft.   Hotpack 
environmental   chamber,  maintaining  culture  temperatures  from 
17-19°C. 


CULTURE 

LIGHT 

LEVELS 

(uei 

n/m^/sec) 

307 

346 

325 

375 

376 

288 

337 

345 

347 

294 

372 

358 

325 

365 

332 

h 

15 

cm  1 

Light  levels  as  measured  on  top-most  shelf  unit  of  culture  apparatus, 
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APPENDIX  III 
GROWTH  MEASUREMENT  TECHNIQUES 

Length 

Determined  with  the  use  of  a  metric  ruler  to  the  nearest  0.1  cm. 

Dry  Weight 

•  Numbered  aluminum  foil   squares   (approx.   5  cm  x  8  cm)  were  placed 

in  an  oven  for  at  least  one  hour  at  100°C-130°C;  then  weighted 
to  the  nearest  0.1   mg  using  a  Sartorius  precision  balance. 

•  Algal   species  were  first  photographed  (see  below),  then  placed 

on  the  pre-weighted  aluminum  foil    squares  and  dried  in  the  oven 
for  at  least  24  hours  at  100°C-130°C. 

•  Algae  with  aluminum  foil   was  weighted  using  a  Sartorius  precision 

balance  to  the  nearest  0.1  mg;  algal  weight  was  determined  by 
calculating  the  difference  bewteen  dry  foil  weight  and  weight 
of  the  algae  with  foil . 

Photographic  Measurement 

Filamentous  branched  algal   specimen  was  suspended  in  tap  water 
in  a  flat  black-painted  Petri   dish 

•  The  algal   specimen  was  placed  on  the  platform  of  a  Technal-1 

copy  stand  with  4  GE  150  watt  reflector  flood  lamps 

•  Using  a  macrolens  with  either  a  red,  green,  or  yellow  filter 

(depending  upon  color  of  algal   specimen),,  the  specimen  was 
photographed  using  Kodak  Panatonic-X  film. 

Developed  negatives  were  placed  in  individual   slide  mount  sleeves, 

•  Slides  of  each  algal   specimen  were  projected  onto  a  dotted  grid 

system 

•  Growth  was  determined  by  percent  cover  using  a  point  intersect 

method. 
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Appendix  V 


Micronutrients  as  recommended  by  Provasoli  (1968)  were  added  to  bioassay 
experiments  as  follows: 


Stock  Solution 
Nutrient/Vitamin  lit. /vol.  of  solution     .  Amount  of  stock  to  add 


1. 

Vitamin  B,^ 

2.5  mg/100  ml 

10  ml 

2. 

Thiamine 

50  mg/100  ml 

10  ml 

3. 

Biotin 

0.5  mg/100  ml 

10  ml 

4. 

Tris  Buffer 

5  q/100  ml 

100  ml 

5. 

Fe(NH4)2(S04)2-6H20 

351  mg^ 

[  500  ml 
330  mg  -* 

250  ml 

6. 

Na2EDTA 

7. 

P  II  Trace  metal 

mix 

500  ml 

Total:    990  mr 

Trace  metal  mix  consists  of  following  compounds  added  to  500  ml  of  H2O. 

Boron  (H3BO3)  560  mg 

Fe     (FeCl3-6H20)  24.0  mg 

Mn     (MnS04-H20)  60.0  mg 

Zn     (ZnS04-7H20)  11.0  mg 

Co     (CoS04-7H20)  2.4  mg 

Na2-EDTA  500  mg 

This  solution  is  added  to  370  ml  of  distilled  HpO  to  make  a  mixed  stock 
solution  of  1250  ml . 

For  all  experiments,  20  mis  of  mixed  stock  was  added  to  each  980  ml  of  culture  water. 

NOTE:  The  media  described  above  is  the  same  as  Provasoli 's  Enrichment  media  except 
that  phosphate  and  nitrate  addition  are  eliminated.   Instead,  nitrate  and  phosphorus 
were  added  to  duplicate  field  conditions  of  San  Pablo  Bay  water  (see  methodology). 
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